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The emergence of graphene has recently opened a new field in science and technology, the 
two-dimensional nanomaterials which is attracting continuously growing interest. Graphene has 
unique properties owing to its single atomic layers of sp2-bonded carbon atoms which are 
densely packed in a honeycomb crystal lattice. These properties are generating huge interest in 
various application fields. They are, however, also highly dependent on the number of layers of 
graphene.  
 
The aim of this work is to employ non-conventional techniques in order to generate and 
modify new graphene derivatives for biological application. We have used ball-milling 
treatment and microwave irradiation, two of the interesting approaches included in the field of 
Green Chemistry that allow the use of softer conditions and the preparation of large quantities 
of materials in relatively short amounts of time. 
 
Chapter 1 provides an overview of carbon nanostructures which deals mainly with graphene 
and describes its structure, properties and applications. The various methodologies used to 
obtain graphene are also explained, focusing on the starting material employed. Finally, the 
main characterisation techniques used to confirm the structure and possible modifications that 
can be made to graphene sheets are described. 
 
In Chapter 2, a practical and scalable procedure for the exfoliation of graphite sheets is 
described. Graphene is prepared by means of interactions with melamine using a ball-milling 
process in solvent free conditions. This method avoids structural changes in graphene. Large 
quantities of inexpensive materials such as graphite and melamine can be used for the massive 
and fast production of few-layer graphene with a low concentration of defects. In a subsequent 
step, this approach permits stable solutions of graphene to be obtained in a variety of organic 
solvents and aqueous solutions. The methodology opens up new horizons offering alternative 
and efficient means to process graphene materials, such as film deposition and chemical 
functionalisation. 
 
The exfoliation procedure described in Chapter 2 has several interesting aspects regarding 
the use of melamine as a dispersing agent. In order to explain the results from Chapter 2, and 
particularly to understand the role of melamine in the exfoliation process, experimental and 




analysed as exfoliating agents and as non-covalent stabilisers of graphene sheets in different 
solvents. 
 
Chapter 4 studies the covalent modification of graphene using 1,3-dipolar cycloadditions and 
radical reactions under microwave irradiation. The use of microwave irradiation allowed an 
efficient covalent functionalisation of graphene to be obtained with shorter reaction times than 
under classical conditions. Graphene derivatives with multiple active sites which permit the 
attachment of diverse molecules were synthesised in order to obtain new materials for specific 
applications. 
 
Finally, in Chapter 5,the use of graphene as conductive additive into polymeric matrix is 
described. Hydrogel hybrids with improved mechanical, electrical and thermal properties were 
obtained. The in vitro and in vivo studies subsequently performed showed that these materials 
are new electro-active scaffold for the on-demand drug delivery of small molecules with 





















L'isolamento e la caratterizzazione di grafene ha recentemente aperto un nuovo campo nella 
scienza e nella tecnologia dei nanomateriali bidimensionali. Il grafene presenta interessanti 
proprietà, fondamentalmente derivanti dalla sua struttura, costituita da uno strato monoatomico 
di atomi di carbonio, ibridizzati sp2. Queste proprietà hanno generato un grande interesse in 
diversi campi di applicazione, per la maggior parte dipendenti dal numero di strati, che spesso 
riaggregano a causa della tendenza del grafene a riformare grafite a causa di forti interazioni di 
Van der Waals. 
 
Lo scopo di questa tesi è stato l'uso di tecniche non convenzionali per la sintesi e la 
modificazione di grafene per applicazioni biologiche. Le tecniche principalmente utilizzate sono 
comuni nella chimica verde, come ad esempio la meccano-chimica e le microonde. Queste 
tecniche evitano l'uso di condizioni di reazione drastiche, diminuiscono i tempi di reazione, 
aumentano le rese e facilitano lo scale-up della reazione. 
 
Nel Capitolo 1, vengono introdotte le principali nanostrutture di carbonio, soprattutto viene 
descritto il grafene, nelle sue caratteristiche generali e le potenziali applicazioni, oltre ai 
principali metodi di sintesi. Infine, vengono affrontate le principali tecniche utilizzate per la 
caratterizzazione di grafene. 
 
Dopo una overview sui metodi di sintesi più importante di grafene, nel Capitolo 2 viene 
riportata una metodologia semplice e scalabile, realizzata attraverso l'esfoliazione del grafene 
con un mulino planetario senza solvente attraverso le interazioni con melamina. Questo metodo 
può essere proposto come una valida ed efficiente alternativa per lo sviluppo di materiali a base 
di grafene, quali la deposizione su superfici, lo studio delle proprietà biologiche o la 
funzionalizzazione chimica. 
 
La procedura di esfoliazione di grafene, descritta nel capitolo precedente, presenta 
interessanti problematiche legate all'uso della melamina. Per capire meglio questi aspetti, nel 
Capitolo 3 sono descritti studi sperimentali e teorici di interazioni non covalenti con derivati di 
triazine e benzenici nel processo di esfoliazione e nella stabilizzazione di foglietti di grafene 
mediante tecniche meccano-chimiche. 
 
Nel Capitolo 4 vengono descritte alcune strategie per la funzionalizzazione covalente del 




irradiazione con microonde. L'uso di attivazione attraverso microonde per una efficiente 
funzionalizzazione covalente del grafene, permette una riduzione dei tempi di reazione e un 
aumento delle rese rispetto alle tecniche convenzionali di riscaldamento. 
 
Infine, nel Capitolo 5 il grafene viene utilizzato come materiale altamente conduttivo nella 
preparazione di idrogel ibridi, allo scopo di migliorare le proprietà meccaniche, elettroniche e 
termiche del composito. Una volta preparati, i gel sono stati studiati in vitro e in vivo come 






















El grafeno se ha convertido, en los últimos años, en uno de los temas de investigación más 
punteros en el campo de la ciencia y tecnología de los materiales bidimensionales. El grafeno 
presenta interesantes propiedades debido a su estructura, donde cada átomo de carbono se 
encuentra covalentemente unido a otros tres átomos de carbono, con una hibridación sp2 
formando una lámina bidimensional. Su estructura laminar le confiere unas propiedades 
electrónicas y mecánicas interesantes en muchas áreas. 
 
El objetivo de la tesis es el empleo de técnicas no convencionales en la síntesis y 
modificación de grafeno para su posterior empleo en aplicaciones biológicas. Para ello se 
utilizarán técnicas englobadas dentro de la Química Sostenible, como son la mecanoquímica y 
la irradiación microondas, las cuales evitan el uso de condiciones drásticas de reacción y 
permiten el escalado del proceso con una disminución de tiempos de reacción y un incremento 
en los rendimientos. 
 
En el Capítulo 1 se presenta un breve resumen de las principales nanoestructuras de carbono, 
centrándonos en el grafeno. Asímismo, se describen sus principales características y las 
aplicaciones que de ellas derivan, así como los principales métodos de síntesis dependiendo el 
material de partida empleado. Finalmente, se realiza una descripción de las principales técnicas 
de caracterización de grafeno, empleadas durante la tesis. 
 
En el Capítulo 2 se describe la metodología llevada a cabo para la exfoliacion de grafito 
mediante procesos de molienda en ausencia de disolvente. Dicha exfoliacíon se produce a través 
de interacciones no covalentes con melamina. Esta metodología constituye una posibilididad 
para la obtención de cantidades escalables de grafenos de pocas láminas y con baja 
concentración de defectos. Este trabajo es propuesto como una alternativa eficiente para el 
procesado de los materiales de grafeno, tales como la desposición sobre diferentes superficies o 
la funcionalización química para la obtención de diferentes estructuras para aplicaciones 
determinadas.  
 
Con el objetivo de explicar el papel de la melamina en el proceso de exfoliación de grafito, 
en el Capítulo 3 se presentan estudios experimentales y teóricos. Así, se estudian las 
interacciones no covalentes de derivados de triazina y benceno y su capacidad de actuar como 





En el Capítulo 4, nos centramos en la modificación covalente de grafeno mediante 
reacciones de cicloadición 1,3-dipolar y adiciones radicálicas bajo irradiación microondas. El 
uso de la irraciación microondas como método de activación, permite la eficiente 
funcionalización covalente de grafeno, consiguiendo una disminución de los tiempos de 
reacción y un incremento en los rendimientos comparado con las técnicas de calefacción 
convencionales .  
 
Finalmente, en el Capítulo 5 se estudia el empleo de grafeno como material conductor en la 
síntesis de hidrogeles híbridos, con el fin de mejorar las propiedades mecánicas, electrónicas y 
térmicas de los mismos. Posteriormente, se realizaron estudios in vitro e in vivo empleando 
estos materiales como sistemas electroactivos para la administración de fármacos con diferente 





















The nanotechnology is defined as the science of manipulating materials on an atomic or 
molecular scale.1 The control and restructuring of matter takes place on the nanoscale in the size 
range of about 1–100 nm, and is used in order to create materials, devices and systems with new 




Figure 1. Examples for biological and mechanical realms, which illustrate various order of magnitude.2 
 
 
Nanotechnology is a multidisciplinary field, which involves physics, chemistry, biology, 
materials science and the various engineering disciplines. In nanoscale dimensions, the 
properties of materials depend not only on the composition and structure, but also on their exact 
dimensions. This opens up new horizons for development of improved materials through the 
manipulation of their nanostructures.  
 
Carbon is the basis of life, is one of the most common elements in nature, and is certainly the 
element which is most frequently studied. Carbon nanotechnology is also important for many 
 Carbon Nanostructures Chapter 1.
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applications fields. This role is a consequence of carbon’s ability to bind to itself and to almost 
all elements, and is also the result of a structural diversity of allotropic forms which are 
accompanied by a broad range of physical and chemical properties. Elemental carbon exists in 
three natural allotropes: amorphous carbon, diamond and graphite.  
 
Amorphous carbon is reactive carbon that does not have a crystalline structure. In 
mineralogy, amorphous carbon is the name used for coal, soot and carbide-derived carbon. 
Amorphous carbon is widely used throughout the world as a fuel, and is one of the most 
commonly found elements in inks, paints and rubber products. 
 
The structure of diamond consists of extended networks of sp3 carbon atoms. Each carbon 
atom is covalently bonded to four others and has tetrahedral geometry. In particular, diamond 
has the highest hardness and thermal conductivity of any bulk material. 
 
The graphite structure consists of layers of hexagonally arranged sp2 hybridized carbon 
atoms. The layers are stacked parallel to each other in a three-dimensional crystalline structure 
and the distance between planes is 0.335 nm. These layers are stacked on top of one another 
through weak interactions. Graphite is thus a soft and slippery substance owing to the fact that 
the layers can slide over one another. 
 
Graphene is a two-dimensional material which has unique mechanical, electrical, and 
thermal properties arising from its strictly single atomic layers of sp2-bonded carbon atoms 
densely packed in a honeycomb crystal lattice. Graphene is considered to be the mother of all 
graphitic forms (Figure 2). It can be wrapped into zero dimensional fullerenes, rolled into a 
dimensional carbon nanotube or stacked into three-dimensional graphite. 
 Carbon Nanostructures Chapter 1.
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Fullerene (C60) was discovered in 19854 and consists of a spherical network of sixty sp2-
hybridized carbon atoms in the shape of a soccer ball composed of 12 pentagons and 20 
hexagons. The unique structure provides important physicochemical and electronic properties 
which have stimulated the development of new fullerene-based materials.  
 
Carbon nanotubes can be visualized as a single-layer of graphene rolled on itself, and were 
first described by Iijima et al.5 It is usual to divide carbon nanotubes into two categories: single-
walled nanotubes (SWNTs) which are composed of a single rolled layer of graphene, and multi-
walled nanotubes (MWNTs) which are formed of various concentric single-walled nanotubes 
(Figure 3).6 The properties of nanotubes depend on their atomic arrangement, how the sheets of 
graphite are rolled, the diameter and length of the tubes and the morphology. Although 
graphene is a zero-gap semiconductor, theoretical calculations have predicted that carbon 
nanotubes can be semiconducting or metallic, depending to a highly sensitive extent on the 
diameter, length and helicity of the tubes. Their helicity are characterised by so-called m,n-
values of the roll-up vectors.7,8 
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It is important to note that there is a significantly wide variety of carbon nanoforms, and that 
other forms of carbon such as nanohorns, nano-onions, nanobuds, nanocups, etc. are only some 
of the lesser known possible presentations of carbon whose properties and chemical reactivity 





Figure 4. TEM images of a (a) nanohorn,10 (b) nanocups,11 (c) nano-onions12 and (d) nanobuds and their 
computer generated image. 13 
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2. Graphene: structure, properties and applications 
 
Graphene is one of the most exciting materials being investigated today, not only as regards 
academic curiosity but also with potential applications in mind. Although all graphitic 
derivatives are formed by the rolling or stacking of graphene sheets, the properties of this 




The term “graphene” refers to a single-layer of graphite with sp2 bonded carbon atoms 
arranged in a hexagonal lattice and with partially filled pi-orbitals above and below the plane of 
the sheet. The lateral dimensions of graphene can vary from several nanometers to the 
macroscale. In the case of bilayer and trilayer graphene, we have materials consisting of 2 or 3 
well-defined and countable stacked graphene sheets of an extended lateral dimension. Few-layer 
graphene is a subset with between 2 and about 5 layers. Multi-layer graphene consists of a 
number of graphene sheets superior to six layers. In this case, the electronic structure of these 
materials becomes indistinguishable from graphite.  
 
The edges of graphene can be described as being zigzag or armchair (Figure 5),14 and both 
two edge types have a different reactivity and electronic and magnetic properties. The 
crystallographic orientation of their edges allows a semiconductor or metallic behaviour to be 
obtained for armchair or zigzag edges, respectively.15 The edges of the majority of synthesised 
graphene consist of a mixture of two edges. This makes it difficult to characterise the structural 
and electronic properties. The controllable synthesis of graphene structures with defined edges 
is currently a growing area of research, given the potential properties for specific applications.16 
 
 
Figure 5. Armchair (blue) and zigzag (red) edges in monolayer graphene.14  
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2.2. Properties of graphene 
 
Graphene has an enormous surface area and a two dimensional structure, thus making it a 
promising material for several application fields. However, the properties of graphene are highly 
dependent on its number of layers and the quality of the crystal lattice, owing to the fact that 
structural defects in the graphene layer lead to a severe disruption in the graphene intrinsic 
electronic transport. 
 
2.2.1. Electronic properties 
 
One remarkable feature of graphene is that it has extremely high charge carrier mobility, thus 
making it an excellent conductor of electricity. This conductivity is owing to the unusual 
behaviour of the propagating electrons in the graphene sheet under a conjugated two-
dimensional aromatic structure. Graphene has two atoms per unit cell, giving rise to two conical 
points, K and K’ per Brillouin zone, at which the valence and conductance bands cross (Figure 
6). Near these crossing points, the electron energy, EF, is linearly dependent on the wave vector, 
and the charge is described using the Dirac equation.17 At room temperature, the mobilities are 




Figure 6. (a) Energy bands near the Fermi level in single-layer graphene. The conduction and valence 
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2.2.2. Thermal properties 
 
The extremely high values of the thermal conductivity suggest that graphene can outperform 
bundles of carbon nanotubes (CNTs) during heat conduction.20 However, the thermal 
conductivity of graphene at room temperature depends on the size of the graphene sheet, and it 
has been shown to be very sensitive to graphene thickness. 
 
2.2.3. Mechanical properties 
 
The study of the mechanical properties of graphene is crucial and very useful in the design 
and control of graphene structures or devices. Lee et al.21 have used the atomic force 
microscope (AFM) technique to measure Young’s Modulus of graphene sheets (Figure 7). 
These studies have revealed that single-layer graphene is one of the strongest materials ever 
measured, and that atomically nanoscale materials can be mechanically tested for deformations 
well beyond the linear regime. Moreover, several theoretical works have been carried out to 
investigate the mechanical properties of graphene through the use of molecular dynamics 
simulation, suggesting that the critical mechanical loads of armchair ribbons are smaller than 
zigzag ribbons.22 
 
The elastic modulus has also been reported for the thicknesses of graphene, showing a 




Figure 7. (a) Scanning electron micrograph of a large graphene flake spanning an array of circular holes 
1 mm and 1.5 mm in diameter. Area I shows a hole partially covered by graphene, area II is completely 
covered, and area III is fractured from indentation. (b) Scheme of suspended graphene membrane. (c) 
Histogram and Gaussian distribution of breaking force for both tips (areas I and II).21 
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2.2.4. Optical properties 
 
Single-layer graphene has an extremely high surface area24 with a negligible reflectance of 
the incident light in the visible region. The optical absorption of graphene is proportional to the 
number of layers, each of which absorbs ≈ 2.3% (Figure 8).25 The transparency of graphene thus 
decreases from monolayer to few-layer graphene.24 A slight perturbation from the adjacent 
layers can be seen in few-layer graphene, thus making it optically equivalent to the 
superposition of non-interacting single-layer.26 
 
 
Figure 8. Photograph showing a thick metal support structure with several apertures, on top of which are 




2.3. Applications of graphene 
 
A wide range of potential applications have been proposed for graphene based on the 
multitude of excellent properties described above. 
 
2.3.1. Photonics and optoelectronics 
 
Transparent conductive coatings are widely used in electronic products, organic light-
emitting diodes (OLEDS) and touch screen (Figure 9a, b). 
 
Graphene has excellent electrical and optical properties. Although indium tin oxide (ITO) 
has traditionally proved to have very useful characteristics, the advantages of graphene in terms 
of mechanical flexibility and chemical durability are very important. In recent years, Lee et al.27 
have fabricated flexible OLEDs by modifying the graphene anode to have a high work function 
and low sheet resistance, thus attaining extremely high luminous efficiencies in comparison to 
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indium tin oxide anode. These results demonstrate the great potential of graphene anodes for use 
in a wide variety of high-performance flexible organic optoelectronics.  
 
Its high transparency also makes it an available candidate for touch screens. Bae et al.28 have 
recently produced graphene resistive touch screens (Figure 9c). They report the roll-to-roll 
production and wet chemical modification of graphene films, which were grown on flexible 
copper substrates via chemical vapour deposition. The films had sheet resistances of ≈ 30 Ω/□ 




Figure 9. Schematics of (a) an organic OLED and (b) a touch screen.29 (c) A graphene-based touch 
screen panel connected to a computer with control software.28 
 
 
Graphene has also been considered and intensively studied for high frequency transistor 
applications30 owing to its high carrier mobility. However, the absence of a band gap in 
graphene is one of the fundamental problems that must be resolved before the material can be 
employed as a transistor. It is possible to create a band gap that confines the lateral dimension of 
graphene through the use of electrical or chemical doping.31 The band gap of modified graphene 
can therefore be significantly increased, which could enable the creation of a number of new 
nanoelectronic and nanophotonic applications.  
 
Finally, the electronic properties of graphene, along with its structure and mechanical 
characteristics, make it attractive for applications in composite materials.32 Graphene can 
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generally be used as an additive in a composite matrix polymer in order to increase the 
operating temperature level of composites, induce antistatic behaviour, provide lightning strike 
protection and improve composite compressive strength. 
 
The combination of electrical characteristics and productions in large quantities and large 
areas constitute fundamental advantages when producing photovoltaic devices with a superior 
performance to that of other materials (Figure 10).  
 
 
Figure 10. Schematic of inorganic (a), organic (b) and dye-sensitized solar cell.29 
 
 
Current solar cell technologies use only a small part of the solar spectrum owing to their 
intrinsic band gap, which limits the maximum detectable wavelength.33 However, the absence of 
a band bap in graphene is translated into the absence of this detectable wavelength limit. The 
direct use of solar radiation to generate electricity is at the centre of a current research effort to 
utilise renewable energy. Although the Si-based solar cells allow higher efficiencies to be 
obtained, the conductivity and transparency of graphene suggest that these efficiencies can be 
increased.34  
 
Graphene thin films are transparent, signifying that they are promising materials as regards 
replacing conventional transparent electrodes for organic solar cells. Zhou et al.35 have 
confirmed that an organic solar cell with graphene film deposited on polyethylene terephthalate 
(PET) has high power conversion efficiencies. This approach constitutes a significant advance 
towards the production of transparent conductive electrodes for solar cells. 
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Dye sensitized solar cells consist of a layer of semiconducting materials deposited on the 
anode, covered with photo sensitive dyes and connected to a platinum cathode via an electrolyte 
(Figure 10c).36 The incorporation on graphene improves the conductivity of electrons on the 
semiconductor layer and competes with charge recombination. What is more, the large surface 
area of graphene improves the loading and dispersion of dye molecules, such as porphyrin, 
which can be directly bound to the graphene surface, and upon irradiation undergo energy and 
electron transfers in order to generate the photo-current.37 
 
2.3.2. Energy storage 
 
Recent research has demonstrated that graphene could provide a great potential as regards its 
use in portable electronic devices, such as energy storage in a thin battery of monolayer 
graphene.38 These results confirm that the highly conductive property of graphene with its 
enormous active area may be able to impart a special property as both a lithium ion conductor 
and an electronic conductor, thus reducing both the size and weight of the battery without 
sacrificing its energy capacity. 
 
The traditional supercapacitors are limited by their low energy storage density and relatively 
high effective series resistance. The surface area of a graphene sheet is higher than that of 
traditional electrochemical capacitors. However, the electrical capacitance of graphene is 
limited by aggregation. In order to solve this limitation, Ruoff et al.39 have developed a carbon 
supercapacitor which has been produced via the chemical activation of a graphene sheet. The 
materials are characterized by a high surface area, a high electrical conductivity and lower 
oxygen and hydrogen content, and the chemical modification avoids the aggregation of 
graphene sheets. This process is easily scalable to industrial levels. 
 
2.3.3. Biological applications 
 
The increased use of graphene in a variety biological applications has required toxicological 
profiling in vitro and in vivo,40 and research into the graphene family nanomaterials impact on 
the environment.41 Recent results suggest that graphene materials are potential candidates in a 
large number of biomedical applications. However, it should also be borne in mind that the 
graphene synthesis procedures determines its resulting biological activity, since the latter 
depends on physicochemical characteristics.42  
 
Graphene has a number of properties, such as large surface area, chemical purity and the 
possibility of easy functionalisation, which provide opportunities for drug delivery. The 
majority of drugs that have been complexed with graphene surfaces, such as doxorubicin, 
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feature planar aromatic domains.43 The main reason for this is that the stable pi−pi stacking 
between their aromatic rings and the graphene’s surface leads to a stable complex formation. 
Alternatively, graphene oxide has also been utilized as a nano-vehicle for efficient gene 
transfection via electrostatic interaction with polymers and RNA or DNA molecules. Figure 11 
shows an example of graphene oxide non-covalently functionalised by polyethylenimine (PEI). 
The positively charged GO-PEI complexes allow negatively charged DNA plasmid (pDNA) to 
be loaded through the use of electrostatic interactions for intracellular transfection.44 
 
 
Figure 11. Schematic illustration showing the synthesis of GO-PEI-pDNA complexes.44 
 
 
Tissue engineering is such an emerging area that only a small number of products have 
undergone clinical trials to date. Graphene could be incorporated into the scaffold materials 
used for tissue engineering to improve their mechanical and selective barrier properties45 and 
potentially, to modulate their biological performance in cell adhesion and differentiation.47 
Recent studies have shown the clear adherence of cells onto the graphene hydrogel scaffold and 
the cell proliferation on the hydrogel for up to 7 days.48 These hybrids may be promising 
building blocks for the development of smart materials for biomolecules and tissue engineering 
purposes. 
 
Finally, the use of graphene for biosensors involves two alternative technologies,48 one of 
which uses a probe molecule on the graphene sheet that interacts with the analyte. In this case, 
some of the most important examples have been reported with the hydrophilic derivative of 
graphene, graphene oxide (GO) modified by using non-covalent interactions. Graphene oxide 
was coated with dye-labelled single stranded oligonucleotide molecules (aptamer) by pi−pi 
stacking (Figure 12).49 The non-covalent assembly between aptamer and graphene allowed a 
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highly sensitive and specific fluorescence resonance energy transfer (FRET) to be obtained for 








The second alternative is label-free and is based on measurements of the changes in the 
electrical properties of graphene on interaction with an analyte. Feng et at.50 have reported a 
graphene oxide-based electrochemical sensor for the label-free detection of entire cancer cells.  
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3. Synthesis of graphene 
 
Graphene applications are driven by progress in the production of graphene with appropriate 
properties for a specific application. Several methods for the preparation of graphene have 
recently been developed, and research is currently focused on industrially viable applications. 
The industrial applications of graphene require large scale and cost effective production 
methods. However, it is very important to obtain an equilibrium between the fabrication and 
final material quality (Figure 13).  
 
 
Figure 13. Methods for mass production of graphene, which permit a wide choice in terms of size, 
quality and price for any particular application.51 
 
 
The techniques for the synthesis of graphene can generally be classified in top-down and 
bottom-up approaches. The top-down methods start from graphite and separate the stacked 
sheets by overcoming the enormous Van der Walls interactions between graphite layers. Key 
challenges in this area include an effective separation of the layers without damaging the sheets 
and preventing the re-agglomeration of the sheets once the layers have been exfoliated. The 
bottom-up approach involves the direct synthesis of graphene materials from the carbon 
sources. The processes are usually simple, but higher levels of defects are created in the 
resulting materials. 
 
The methods currently used for graphene synthesis all have their advantages and 
disadvantages. Which process is used should be guided by the end application of the material. 
 Carbon Nanostructures Chapter 1.
 29 
3.1. Top-down methods 
 
3.1.1. Micromechanical cleavage  
 
Micromechanical cleavage or “scotch tape” involves the exfoliation of graphite using 
adhesive tape to cleave the layers apart, and was the methodology first used to mechanically 
split graphite into individual atomic planes.18 Although this method provides high quality 
crystals with a low concentration of defects on the graphene sheet, it is unlikely that this 
technique would be a good means to produce graphene on a large scale. 
 
3.1.2. Electrochemical exfoliation 
 
The electrochemical exfoliation of graphene involves using graphite as an electrode and 
collecting the exfoliated material from the electrolyte solution. The electrolyte that is most 
frequently employed is sulphuric acid-potassium hydroxide solutions.52 Sulphuric acid has been 
found to be a good electrolyte owing to the intercalation of ions between the layers, which 
improves the processing of this material.53 Potassium hydroxide is necessary to reduce the high 
levels of oxidation on graphene sheets through the use of sulphuric acid. This is a one-step 
method by which to obtain high-quality graphene sheets. However, the resulting material has a 
mixture of different thicknesses of graphite flakes with few-layer graphene. 
 
3.1.3. Liquid phase exfoliation of graphite 
 
The solution techniques have several advantages since the solubility and processability of 
graphene can be increased, and these methods play a crucial role in exploring their applications.  
 
A considerable amount of research has been developed to obtain the optimal processing 
conditions and a suitable solvent with which to attain the stable and highly concentrated 
dispersion of graphene sheets. A study of graphene dispersibility in different solvents concluded 
that the best solvent that can be used to obtain dispersed monolayer graphene was N-
methylpyrrolidone (NMP), while the solvent that provided the highest absolute concentration of 
monolayer and few-layer graphene was found to be cyclopentanone.54 However, graphene 
dispersions can only be prepared at relatively low concentrations. In this case, an increasing 
sonication time or the use of a sonic probe rather than a sonic bath have been demonstrated to 
increase the concentration of graphene in a solution.55 Moreover, it has been found that the 
excessive sonication needed to exfoliate graphite can destroy the graphene sheets, which 
modifies their structure and properties. 
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Another strategy for exfoliation of graphite involves sonication in aqueous surfactant 
solutions, thus avoiding harmful organic solvents. The surfactants can prevent the reaggregation 
of the graphene sheets, and concentrations of up to 0.3 mg/ml have been reported.56 However, 
this method has the disadvantage that surfactants are difficult to remove and the graphene’s 
properties may therefore change.  
 
An alternative approach consists of dispersing, even without the use of sonication, ternary 
potassium salt-intercalated graphite, which leads to isolated graphene sheets in NMP (Figure 
14).57 This procedure provides a simple and clean manner with which to exfoliate and dissolve 
large graphene flakes by means of mild dissolution. 
 
 
Figure 14. Scheme of synthesis of negatively charged graphene layers from a graphite intercalation 
compound spontaneously dissolved in N-methylpyrrolidone (NMP).57  
 
 
3.1.4. Oxidation of graphite 
  
Graphene sheets can be produced in large quantities using wet chemical methods, which 
involve oxidation and reduction processes.  
 
The graphene oxide is obtained by using Hummer’s method via the oxidation of graphite 
using strong oxidants and concentrated acids.58 This method allows graphene to be produced in 
relatively large quantities. The structure of graphene oxide has been described as a layered 
structure with hydroxyl and epoxy groups on the basal planes, and carboxylic and carbonyl 
groups at the sheet edges.59 These functional groups make graphene oxide hydrophilic and 
enhance the interlayer spacing in comparison to graphite. Graphene oxide is insulating and its 
electronics properties differ from those of graphene, even after chemical reduction. 
 
Various types of reduction methods with which to obtain reduced graphene sheets have been 
reported. Among these methods, chemical reduction is the most versatile, with many reduction 
agents such as hydrazine being used.60 However, graphene sheets prepared using the oxidation 
method usually have significant levels of defects owing to the harsh oxidation conditions.58 The 
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material resulting from a reduction in graphene oxide is generally called reduced graphene 
oxide (rGO) rather than graphene, owing to the fact that the complete reduction has not yet been 
achieved (Figure 15). 
 
 
Figure 15. Graphite can be oxidized to obtain water dispersible graphene oxide. The reduction of GO 
leads to thick graphitic structures. 
 
 
3.2. Bottom-up methods 
 
3.2.1. Chemical vapour deposition (CVD) 
 
Graphene can be formed using the high temperature pyrolysis of carbon containing gases. 
This method has been widely used to produce graphene films on transition metal substrates and 
represents a very active area of graphene research.61 The optimum conditions for CVD growth 
depend on the metal and various factors such as pressure, temperature and carbon exposure. All 
conditions have an impact on graphene quality and thickness to different extents depending on 
the system. This method allows the preparation of large quantities of graphene, although hard 
reaction conditions are necessary, which may damage the sheets. 
 
Introducing plasma during thermal CVD of amorphous carbon facilitates significant 
reductions in reaction time and lower deposition temperatures in comparison to the CVD 
process.62 However, these films are highly defective. Several plasma enhanced CVD (PE-CVD) 
strategies are presently being pursued, such as microwave PE-CVD.63 
 
3.2.2. Synthesis on SiC 
 
The synthesis of graphene on silicon carbide (SiC) consists of the sublimation of silicon 
from the SiC surface and the subsequent graphitisation of the excess carbon atoms.64 The 
graphene is formed by heating the surface to 1100-1600 °C in an argon atmosphere, which 
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decreases the sublimation rate of silicon sublimation, and a higher graphitisation temperature is 
therefore required, thus improving the morphology of the films.  
 
This method provides high quality graphene, although the homogeneity of the graphene 
layers is rather poor owing to the need for high temperatures. One solution that permits lower 
temperature conditions is that of nickel catalysed growth, during which a thin layer of nickel is 
deposited on the surface of the SiC prior to annealing.65 
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4. Characterisation of graphene 
 
The emerging applications of graphene in various research domains necessitate the use of 
many different techniques to confirm their structure and possible modifications on graphene 
sheets, in a fast and reliable manner. 
 
4.1. Thermogravimetric analysis (TGA) 
 
Thermogravimetric analysis is one of the most important analytical techniques used to 
determine the quantity of functional groups attached to the graphene surface. The main function 
of TGA is to monitor the thermal stability of a material by recording the mass change of the 
sample as a function of an increasing temperature. TGA experiments can be performed in 
various environments. An inert atmosphere (nitrogen or argon) is chosen to measure the amount 
of organic moieties bound on graphene surface. Graphene is thermally stable when heated to 
900 ºC in an inert atmosphere, and any weight loss before this temperature therefore 
corresponds to the organic functionalisation bound to the graphene (Figure 16). An oxygen 




Figure 16. Thermograms in nitrogen atmosphere of graphite (blue line), few-layers graphene (red line) 
and few-layer graphene after functionalisation with α-amino acid 
(BocNHCH2CH2OCH2CH2OCH2CH2NHCH2COOH) (green line).66 
 
 
4.2. Raman spectroscopy 
 
Raman spectroscopy, which is based on the inelastic scattering of monochromatic light, is a 
valuable technique that is used to study the vibrational and rotational excitations of a molecular 
system. Raman analysis provides essential information for the characterisation of graphene, in 
particular providing valuable structural information regarding defects, the stacking of the 
graphene layers and the crystallite size.67  
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Figure 17 compares the Raman spectra of graphite, graphene and modified graphene. The 
two most intense peaks are the G peak, at around 1580 cm-1, and the 2D band, at around 2700 
cm-1. The G peak results from the doubly degenerate zone center E2g mode, while the 2D band is 
the second order of zone-boundary phonons. The 2D band of monolayer graphene has a single 
sharp peak that is more intense than the G peak, while in the graphite this band consists of two 
bands (Lorentzians peaks). This band can be decomposed into four bands for few-layer 
graphene. What is more, the G band intensity of graphene is lower than that of graphite owing 
to the fact that the intensity of this band increases linearly with an increase in the number of 
layers.68 
 
Besides the G and 2D peaks, the D and D’ peaks have significant intensities. D’ appears as a 
shoulder at around 1600 cm-1 on the G band, it is characteristic of few-layer graphene and is 
defect related. This band is not found in graphite. The D band at around 1350 cm-1 is caused by 
the breathing modes of sp2 rings and requires a defect for its activation. Its intensity may not 
only result from the amount of disorder, but can also be assigned to the edges of sub-micrometer 
flakes.69 The D band in graphite is a band consisting of two peaks.70  
 
 
Figure 17. Comparison of Raman spectra of (a) graphite and graphene68 and (b) modified graphene.67 
 
 
Quantifying the defects in graphene is crucial for their applications. The intensity ratio of the 
D and G bands provides the amount of disorder in a crystallite and is given by the amount of 
border defects with regard to the total crystallite area, La71 and the distance between defects in 
the sp2 lattice, LD.72 What is more, the nature of these defects can be estimated by the intensity 
ratio of the D and D’ peak, using the model described by Eckmann et al.73 This ratio is 
maximum, around 13, for sp3-defects, it decreases to 7 for vacancy-like defects and reaches the 
minimum for boundary-like defects. 
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4.3. Ultraviolet-visible (UV-vis) absorption spectroscopy 
 
This methodology provides a reliable means to determine the graphene concentrations. The 
Beer-Lambert law [1] is the principle behind absorbance spectroscopy: 
      A = εbc                                    [1] 
where A is absorbance (arbitrary units), ε is the molar absorptivity of the compound or molecule 
in solution (M-1cm-1), b is the path length of the cuvette or sample holder (usually 1 cm), and c 
is the concentration of the solution (M). 
 
By measuring the absorbance of the graphene suspensions at a wavelength of 660 nm, a 
standard curve can be generated and the extinction coefficient can be determined. The 
concentration of the supernatant graphene samples can then be calculated. 
 
 
Figure 18. Absorbance per unit length (λ=660 nm) as a function of graphite concentration for an SDBS 
concentration. The portion below 400 nm is dominated by the surfactant absorption and has been scaled 
by a factor of 1/8 for clarity. The portion above 400 nm is dominated by graphene/graphite with some 
residual SDBS absorption.56 
 
 
An analysis of the UV-visible results therefore provides both a tentative idea of graphene 
formation and the number of layers. The strictly two dimensional graphene has an absorption 
peak at around 262 nm, while a single-layer of graphene oxide shows absorption at 230 nm in 
the UV-visible spectrum. This is attributed to the pi−pi* transitions of aromatic carbon-carbon 
bonds. If the transmittance decreases, this can thus be attributed to the recovery of sp2 carbons 
from chemically reduced graphene after reduction. This is an indication of the restoration of 
electronic conjugation on a graphene sheet. In addition, the transparency of stacked graphene is 
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much lower than that of the monolayer graphene. The transmittance shows linear enhancement 
in the ultraviolet absorption.  
 
4.4. X-ray photoelectron spectroscopy (XPS) 
 
X-ray photoelectron spectroscopy is the most widely used surface analysis technique owing 
to its relative simplicity in use and data interpretation. The sample is irradiated with mono-
energetic x-rays, thus causing photoelectrons to be emitted from the sample surface. An electron 
energy analyser determines the binding energy of the photoelectrons. The binding energy and 
intensity of a photoelectron peak allow the elemental identity, chemical state, and quantity of an 
element to be determined. The elemental composition (with the exception of hydrogen) of the 
graphene surface can be quantified. Figure 19 shows an example of the elemental analysis and C 
1s peaks of graphene prepared by using the electrochemical exfoliation of graphite.74 The 
emergence of the N and S peaks indicates that the thionin cations have been absorbed on the 
graphene surface as a stabilizer. 
 
 
Figure 19. XPS spectrum of the graphene prepared using the electrochemical exfoliation of a graphite 
cathode and (b) its C 1s spectrum with separated peaks.74 
 
 
4.5. X-ray diffraction (XRD) 
 
X-ray diffraction is one of the primary techniques used in mineralogy and solid state 
chemistry to examine the physico-chemical of unknown solids. The sample is bombard with x-
rays of a fixed wavelength, and the intensity of the reflected radiation is recorded using a 
goniometer. The data are represented in a collection of single-phase X-ray powder diffraction 
patterns for the three most intense values in the form of interplanar spacing (D), relative 
intensity (I/Io), and mineral name tables.  
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The pristine graphite has a basal reflection (002) peak at 2θ = 26.6º, and the distance (d 
spacing) between the graphite layers is 0.335 nm in the XRD pattern. In the case of graphene 
oxide, the 002 reflection peak shifts to a lower angle 2θ = 11.2º (d spacing = 0.79 nm). This 
increase in d spacing is owing to the intercalation of oxygen functionality in the interlayer 
spacing of graphite. When graphite is completely exfoliated to a single-layer, a straight line with 
no diffraction peak in the XRD pattern is observed.75  
 
 
Figure 20. X-ray diffraction patterns of pristine graphite, graphite oxide and graphene.75 
 
 
4.6. Transmission Electron Microscopy (TEM) 
 
Transmission electron microscopy is probably the main tool for the morphological 
visualisation of graphene sheets and confirms the thickness of graphene samples. The 
appearance of stable and transparent graphene sheets in the TEM analysis indicates the presence 
of single-layer graphene. High resolution TEM (HRTEM) can provide images with atomic 
resolution. 
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Figure 21. (a, b) TEM images of surfactant-exfoliated flakes. (c) Digitally filtered high-resolution image 
of a surfactant-exfoliated flake.76 
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1.1. Exfoliation of graphite 
 
Graphene has, in recent years, been the subject of a wealth of scientific research. A large 
number of its properties, such as its mechanical stiffness, strength and elasticity, and its very 
high electrical and thermal conductivity, suggest that graphene could replace other materials in 
existing applications. As described previously, these characteristics have only been attained for 
the highest quality samples.  
 
Several techniques have been proposed for the production of graphene. In this chapter, we 
shall focus solely on methodologies with which to obtain graphene from graphite. Progress in 
this area includes an effective separation of the layers without damaging the sheets and 
preventing the re-agglomeration of the sheets once the layers have been exfoliated. The first 
method used to mechanically split graphite into individual atomic planes was that of 
micromechanical cleavage.1 Although this method provides crystals of high quality, new 
alternatives with which to obtain graphene on a large scale have been proposed (Figure 1). 
 
 
Figure 1. Selected pathways towards derived graphene obtained from graphite as a starting material.2 
 
 
Of the various approaches, the solution phase techniques3 have several advantages since the 
stable suspensions of graphene can be used to process the material in various manners, such as 
those of film deposition, surface modification and chemical functionalisation. All of the 
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aforementioned aspects play a crucial role as regards exploring their applications. The most 
common technique used to date has been the oxidation of graphite to produce aqueous 
dispersions of graphene oxide.4 This method is very useful since it facilitates both the 
processing of materials and large scale production. However, graphene oxide has some 
significant disadvantages. Despite its improved processibility, graphene oxide is insulating, 
even after chemical reduction,5 owing to the structural defects caused by the oxidation process 
which modifies its properties with regard to graphene. 
 
Others methods have therefore been developed in an attempt to solve the aforementioned 
problems. Pristine graphite has been sonicated in organic solvents4 and aqueous surfactant 
solutions.6 This methodology could be useful in a host of applications in the fields of both 
research and industry. However, the dispersions of graphene can only be prepared at relatively 
low concentrations; this gives graphene oxide a significant advantage as it can be dispersed in 
certain organic solvents and water at high concentrations. Moreover, it has been found that the 
excessive sonication needed to exfoliate pristine graphite can destroy the graphene sheets, 
which modify the electronic structure of graphene. It is thus advisable to design new methods 
with which to prepare large quantities of graphene with a controlled structure that is possibly 
dispersible in most solvents.  
 
The most important point as regards creating a graphene suspension from graphite is 
overcoming the enormous Van der Walls interactions, such as forces between graphite layers. 
The molecular adsorption on the surface of graphene is therefore a key step as regards 
compensating this enormously attractive interaction.7 Many previous studies concerning 
adsorption on atomically flat surfaces have revealed that aromatic molecules,8 which can adopt 
planar topologies, are ideal structures, and their organisation can often be controlled when they 
engage in strong intermolecular interactions such as hydrogen bonds.9 Various computational 
studies have recently revealed that aminotriazines have an unusually strong affinity for graphite, 
signifying that these compounds are highly attractive candidates for the creation of two 
dimensional molecular assemblies.  
 
1.2. Mechanochemical treatments  
 
Several methods have been developed for the activation of chemical reactions, such as 
thermochemistry, electrochemistry and photochemistry, although the fourth means of chemical 
activation, mechanochemistry, is usually less well-known. Mechanochemistry is currently an 
established field in material science and solid state chemistry. According to the IUPAC, a 
mechano-chemical reaction is defined as a “chemical reaction that is induced by the direct 
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absorption of mechanical energy”.10 In recent years, mechanochemistry has been employed in 
relatively young areas of green chemistry11 and supramolecular chemistry,12 co-crystals13 and 
organometallic chemistry.14 It has also been used in traditional areas of organic synthesis,15 
catalysis and inorganic chemistry.16 
 
In solid-state mechanochemistry, chemical reactions occur because of the deformation and 
fracturing of solids, which are technically induced by the milling or grinding of the material. 
The simplest way to generate mechanical energy and transfer it to the reactants is by working 
with a mortar and pestle.17 This technique will from here on be defined as grinding, while the 
term milling will be used to describe processes carried out in ball mills. This technique allows 
the regulation of process parameters, such as time and energy entry, signifying that the results 
are expected to be more reproducible.  
 
In both cases, the mechanochemical activation involves an increase in internal and surface 
energy, an increase in surface area, and a decrease of the coherence energy of solids. In a second 
step, these may lead to spontaneous aggregation, adsorption, or recrystallisation in the activated 
system, which may appear during or after the mechanochemical process has been completed. 
Figure 2 shows various types of the mills used for these purposes.  
 
 
Figure 2. Types of mills used for mechanical activation.18 
 
 
1.2.1. Planetary Mill 
 
The use of the planetary mill has been extended to various fields during the last few years. It 
consists of a rotor which incorporates a vial, containing balls and the reaction mixture. The rotor 
rotates around a center point on the same axis, resulting in collisions between the balls and the 
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material (Figure 3). The optimum milling conditions have to be assessed for each individual 
system. The parameters to be considered as regards the milling process are:15 
 
 Revolution speed or rotational speed.  
 Milling time or reaction time. 
 Type of milling material. 
 The size and number of milling balls. 
 Mode of operation, continuous or cycled, with a change in direction. 
 
These process parameters are dependent on each other and play an important role in the yield 
and reproducibility of the treatment. The variation of one parameter leads to changes in the 
nature of impacts, the frequency and the energy, in addition to the amount of power trapped 
between colliding materials. 
 
 
Figure 3. Scheme of planetary mill with movement in a normal and counter direction; with vial height 
(h), diameter (dp) and revolution radius (R).19 
 
 
The most obvious thing is to compare the ball-milling method with the conventional 
techniques of grinding by using a traditional mortar and pestle.20 The ball mill is therefore more 
advantageous in terms of reproducibility and the safer handling of reagents. The intensive 
mixing efficiency in solid state reduces reaction times and enables the scaling of the process.21 
This technique also allows the treatment to be carried out in the absence of solvents, thus 
signifying that it has added value in green or sustainable chemistry.22 
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1.2.2. Mechanochemical treatment of carbon nanostructures 
 
Carbon nanostructures have led to great expectations in terms of the advancement of science 
and in different applications fields. However, one common characteristic of these materials is 
related to their difficult manipulation. These nanostructures have a low solubility in organic 
solvents and water, and their handling is also severely complicated by their heavy aggregation, 
which makes it very difficult to deal with individualized species. The most useful protocols 
require long reaction times and very harsh reaction conditions, such as Hummer’s method for 
the oxidation of graphite.23 In this context, the use of alternative non-conventional means to 
manipulating carbon nanostructures becomes particularly attractive.24 
 
For instance, in order to enhance the solubility of these materials, some groups have used 
mechanochemical methods to functionalise SWNTs with many groups25 or to solubilise 
nanotubes via the formation of complexes between SWNTs and various substrates (Figure 4).26 
 
 
Figure 4. Solubilisation of  SWNTs in organic solvents via interactions with barbituric acid and 
triaminopyrimidines, using mechanochemical high-speed vibration milling.26 
 
 
One of the main applications of carbon nanotubes is focused on the biological fields. 
However, for these applications, it is essential for these structures to be soluble in aqueous 
solutions and to demonstrate a homogeneous distribution of sizes and an optimal size. Although 
long nanotubes exhibit toxicity,27 the short ones are good candidates, and several methodologies 
with which to cut nanotubes have therefore been proposed. Our research group has recently 
demonstrated that solid phase techniques together with mechanical activation using ball-milling 
processes can be used to prepare scalable quantities of short SWNTs.28 The tuning of various 
ball-milling parameters such as atmosphere, time and rotational speed allows a narrow 
distribution of length and minimal damage to the tubular structure to be obtained (Figure 5). 
This process is reproducible and simple, and compares very favourably with the most common 
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means used to cut CNTs, such as treatment with strong oxidizing acids.29 What is more, the 
disadvantages associated with the use of acid, such as pollution and corruption, are avoided. 
 
 
Figure 5. Topographic AFM image of short SWNTs, prepared using a milling treatment at 250 rpm 
during 2 h in nitrogen atmosphere. The white line indicates the length and diameter of the tube.28 
 
 
This methodology has also been employed to exfoliate graphite with the use of wet ball-
milling in dimethylformamide (DMF) (Figure 6)30 and that of high-energy ball-milling in an 
aqueous medium containing a strong exfoliating agent (1-pyrenecarboxylic acid) and methanol 
as a solvent.31 It has been demonstrated that high-energy ball-milling can be used to produce 
nanocrystalline and amorphous structures in nature graphite. Moreover, the Raman 
spectroscopy analysis shows that the structure of the amorphous phase produced by ball-milling 
is less disordered than the amorphous structures in ion-beam bombarded graphite and the 
graphitisation of amorphous carbon.32  
 
 
Figure 6. (a) Schematic illustration for the creation of graphene by using wet ball-milling. (b) SEM 
image of graphene products in powder form.30  
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2. Aim of the work 
 
The following research was orientated towards the development of a practical scalable 
procedure for the exfoliation of graphite sheets through interactions with melamine (2,4,6-
triamine-1,3,5-triazine) in solid conditions. This methodology enables the stabilisation of few-
layer graphene sheets. Ball-milling processes were used in solvent free conditions. The 
experiments were carried out in a planetary mill. This approach, in a subsequent step, permits 
stable solutions of graphene to be obtained in a variety of organic solvents and aqueous 
solutions (Scheme 1).  
 
 
Scheme 1. Schematic illustration for the exfoliation of graphite using a ball-milling approach. 
  
Chapter 2. Exfoliation of Graphite by Ball-milling  
 56 
3. Results and discussion   
 
3.1. Preparation of graphene samples 
 
In a typical procedure, 30 mg of graphite/melamine (2,4,6-triamine-1,3,5-triazine) were 
introduced in a stainless steel grinding bowl with ten stainless steel balls (1 cm diameter). 
Different amounts of graphite and melamine were used in order to study the perfect ratio. The 
milling treatments were carried out in a planetary mill with different atmospheres (air or 
nitrogen), and various milling conditions were used (Table 1). The bowl was closed and placed 
within the planetary mill. 
 




After the corresponding treatment, the resulting solid mixtures were dispersed in 20 mL of 
water or DMF to produce black suspensions (Figure 7b, c). In the case of water solutions only, 
some precipitate was removed from the solution. Assuming that graphite is insoluble, as is 
shown in Figure 7a, while graphene is suspended in DMF, we can roughly estimate a 
quantitative exfoliation to few-layer graphene. The as-prepared dispersions are stable at room 
temperature for weeks. It is notable that no dispersions but only black solids were observed 
when graphite was ball-milled in the absence of melamine or when similar amounts of graphite 
and melamine were sonicated in an ultrasonic bath. 
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3.2. Characterisation of graphene samples 
 
Typical X-ray diffraction (XRD) patterns of solid samples before and after ball-milling 
treatment with melamine are depicted in Figure 8, showing that the sharp graphitic (002) 
reflection around 25º clearly decreases after the milling.  
 
 
Figure 8. XRD patterns of graphite, melamine and sample 5 before and after the ball-milling treatment. 
 
 
The dispersions were characterized with the use of UV-Vis-IR absorption spectroscopy. The 
spectra is featureless in the Vis-IR region, as expected.33 Each of these dispersions was diluted 
and their absorption spectra recorded. Figure 9a shows the UV-Vis spectra of sample 1 
dissolved in DMF with different concentrations (0.026, 0.031, 0.042, 0.047, 0.052, 0.078, 0.104, 
0.13 mg/ml). The absorbance at 660 nm, divided by cell length, is plotted against the 
concentration exhibiting Lambert-Beer behaviour (Figure 9b). 
 
 
Figure 9. (a) UV–Vis spectra of sample 1 dissolved in DMF. (b) Optical absorbance (λ = 660 nm) 
divided by cell length (A/l) as a function of concentration exhibiting Lambert-Beer behavior. 
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Thermogravimetric analysis of the different samples also provides an insight into the 
mechanochemical treatment of graphite. Figure 10 shows the thermograms of samples of 
graphite after ball-milling treatment with the melamine, which are compared with the 
thermograms of melamine and graphite. Graphite is thermally stable when heated up to 900 ºC 
in an inert atmosphere. Melamine decomposes at around 300 ºC. It is therefore reasonable to 
assume that the weight loss observed in exfoliated sample 4, sample 5 and sample 1 (50%, 70% 
and 83%), corresponds to the amount of melamine used in each sample. No further loss takes 
place above or below this temperature, showing that no oxidative defects have been created 
around the graphite flakes.34 
 
 




Further proof of the non-oxidative milling treatment was achieved with the use of X-ray 
photoelectron spectroscopy (XPS). As is shown in Figure 11, the C1s peak can be deconvoluted 
into four different components. The most intense peak, at 284.8 eV, is assigned to sp2 C-atoms 
of the graphene sheets which, together with the weak component at 291.5 eV that corresponds 
to its pi−pi* transitions, are a signature of graphitic carbon. The component at 286.3 eV has 
usually been attributed to C–O bonds (together with C-N) and the components at 287.7 eV to 
C=O species.35 It is clear that the spectrum of graphite, both before and after mechanochemical 
treatment, displays a similar pattern, revealing that the intrinsic structure of graphite remains 
largely intact after treatment and that no oxidation occurs during milling (Figure 11a). However, 
the C1s spectrum of graphite ball-milled with melamine (Figure 11b, sample 5) exhibits a 
higher intensity of the component at 287.7 eV. This increase is caused by the presence of 
melamine and disappears upon washing with hot water (Figure 11b, graphene 5). This confirms 
that no covalent bonds are formed during the milling treatment. 
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Figure 11. (a) Comparison of the C1s XPS of graphite and ball-milled graphite and (b) sample 5 before 
and after washing with water (graphene 5). 
 
 
Once the dispersions have been obtained, it is possible to deposit this material onto different 
surfaces. After deposition, the surfaces can be washed with hot water in order to get rid of the 
melamine and obtain graphene flakes that can be further characterised. This step could avoid the 
extensive aggregation observed for graphene exfoliated in amide solvents.4 This technique has 
been used for the preparation of Raman samples on silicon oxide surfaces. 
 
Raman spectroscopy provides essential information that can be used to characterise 
graphene.36 Figure 12 compares the Raman spectra of a representative flake from a DMF 
dispersion for graphene 5 (sample 5 washed with hot water), bulk graphite and ball-milled 
graphite in the absence of melamine. We can observe the two most intense peaks of graphene, 
the G peak at around 1580 cm-1 and the 2D band at around 2700 cm-1.  What is more the D and 
D’ peaks have significant intensities in graphene 5. D’ appears as a shoulder at around  1600 
cm-1 on the G band, which is characteristic of few-layer graphene, is defect related and not 
found in graphite. The D band in graphene 5 is a single peak (Figure 12b), while in graphite it is 
a band consisting of two peaks.37 Its intensity might not only be caused by the amount of 
disorder, otherwise it would be much broader and G and D’ would merge. This intensity could 
rather be assigned to edges of sub-micrometer flakes.38 The 2D band in graphene 5 is also quite 
different from that of bulk graphite or ball-milled graphite. It can be decomposed into four 
bands (Figure 12c), which is a characteristic feature of the Raman spectra of few-layer 
graphene, as previously reported.39   
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Figure 12. (a) Comparison of Raman spectra of graphite, ball-milled graphite under the same conditions 
as graphene 5 and graphene 5. (b) The D band in graphene 5, fitted to one component. (c) The four 
components of 2D band in graphene 5. 
 
 
The Raman spectra has also been used to calculate the in-plane crystallite size (La) (Table 2), 
which was taken at various locations on the graphene samples using the general equation [1]40 
                               La= (2.4 x 10-10) λ4laser(ID/IG)-1                                                    [1] 
where λlaser is the excitation laser wavelength (λ=514.5 nm) and ID/IG are the ratio of the D and G 
band intensities at different locations in each sample. The results from Table 2 show that 
samples prepared in an atmosphere of air have higher La values than those obtained in nitrogen. 
This is a surprising result because, bearing in mind that La is an average interdefect distance, 
one might expect fewer defects in graphene flakes in a non-oxidative atmosphere. However, it 
would appear that oxidation, probably along the edges of the new surfaces created during the 
milling process, is responsible for suppressing further fractures.41 The optimum ratio conditions 
are those shown in graphene 5, which has a graphite/melamine ratio of 1:3.  
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Once graphite has been exfoliated by using the milling treatment with melamine, 
concentrated dispersions of graphene/melamine in DMF or water can also be washed by 
filtration to remove the melamine. Graphene can be redispersed in fresh DMF to form stable 
dispersions. It is interesting to note that concentrations of up to 0.15 mg/ml of graphene in water 
and 0.35 mg/ml in DMF can be obtained. Dispersions are stable at room temperature for weeks. 
 
Figure 13 shows representative TEM images of the graphene 5 observed after drop casting 
from these DMF dispersions onto a TEM grid. In the TEM photos it is possible to see large 
flakes of graphene that form wrinkles. This is expected on the basis of the large size of the 




Figure 13. TEM images of exfoliated graphene 5 in DMF. 
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3.3. Electrical properties of graphene samples 
 
The electrical conductivity of the prepared samples is also an important factor to control. The 
measurements were carried out in a four point probe (Figure 14a). The four probes are lineary 
arranged on the surface, where the probes are at equal distances from each other and the sheet 
thickness is much smaller than the probe distance. The current flows between the two outer 
probes and the measure of voltages is obtained between the two inner probes. The use of 
separate current and voltage contacts avoids problems with contact resistance.42 
 
Electrical conductivity measures were performed after the filtration of the diluted graphene 
dispersion on a PTFE filter (0.45µm pores) under vacuum. We obtained a thin film of graphene, 
typically 15µm. The average thicknesses of the membranes were measured with a micrometer.  
 
To determine the resistance of the sample, it is necessary to measure the current and voltage 
at a given distance to determine the resistance of the sample (Figure 14b). We observed an 
Ohmic behaviour with linear proportionality between current and potential as described by 
Ohm’s law [2]: 
R = V/I       [2] 
where R is resistance, V is the potential and I is the intensity. A resistance of 27.18 Ω was 
obtained for graphene 5. 
 
 
Figure 14. (a) Scheme of four point probe method. (b) Representation of the voltage obtained by 
applying an intensity on graphene 5 using four probes method. 
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In addition to resistance, we can also obtain the electrical conductivity (S/cm), as the inverse 
of the resistance of this material, and the resistivity (ρ, Ω·cm) using the following equation [3]: 




                                                [3] 
where R (Ω) is the resistance, s (cm) is the distance between two probes and t (cm) is the 
thickness of the sample. Values of 640 S/m and 0.156 Ω·cm were obtained for graphene 5 as 
regards conductivity and resistivity, respectively.  
 
An important parameter, denominated as sheet resistance (Rs), is also described for two-
dimensional systems in thin films. In general, resistivity has units of Ω·cm, but when 
taking into account the thickness of the sample, it is possible to calculate the Rs as ohms per 
square (Ω/□). The reason for the name “ohms per square” is that a square sheet with a sheet 
resistance of 10 Ω/□ has an actual resistance of 10 Ω, regardless of the size of the square. A 
sheet resistance of 123.79 Ω/□ was obtained for graphene 5. 
 
These data compare favourably with those of other graphenes synthesised with different 
methodologies. A sheet resistance of 4·1010 Ω/□ has therefore been described in literature for a 
graphene oxide (GO) film, while the reduced graphene oxide (rGO) has a value of 4·106 Ω/□.43 
The electrical conductivity of GO and its derivatives is typically enhanced by the removal of the 
oxidised moieties in the sheets through the use of chemical reduction. However, the reduced GO 
inevitably contains lattice defects that modify its electrical properties when compared to pristine 
graphene sheets.  
 
Several methodologies with which to reduce the resistance of these materials have been 
described. As an example, the combination of chemical reduction and high-temperature 
treatment has significantly improved the overall conductivity of the samples (0.11 S/m), and the 
incorporation of the graphene oxide sheets into a silica matrix leads to a bulk conductivity of 45 
S/m.44 
 
Upon comparing our results with these data, we have confirmed that graphene with a low 
concentration of defects has been obtained and that the ball-milling process generates graphene 
materials with useful electrical properties in a simple and easily scalable manner. 
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3.4. Quantification of melamine 
 
Melamine is a chemical compound that contains a high nitrogen level (66% by mass). It has 
been primarily employed for the production of resins, and provides fire retardant properties 
owing to its release of nitrogen gas when burned or charred. It also has several industrial uses, 
such as being an additive in paints, plastics, paper and fertilizers.45 
 
Melamine can be found at ppm levels in food owing to migration from melamine containing 
resins, or as a metabolic product of insecticides used on animals and crops, but these levels are 
not dangerous for humans. However, melamine is, on occasions, illegally added to milk 
products in order to produce an incorrectly high reading in the measurement of protein content 
based on total nitrogen, and intentional adulteration via the addition of high levels of melamine 
has recently been discovered in various milk products. The ingestion of melamine at levels 
above the safety limit (2.5 ppm in the USA and EU; 1 ppm for infant formula in China) can 
induce renal failure and even death in infants.46  
 
This situation has created an immediate need to find analytical methods that can provide the 
on-site and real-time detection of melamine in food products. It is therefore important to 
develop a reliable sensor with the following properties: high sensitivity, specificity of 
compound identification, rapid detection, matrix independence, simple, rugged, and reliable 
instrumentation, and quantitative accuracy.  
 
Primary amines with electron rich nitrogen atoms are likely to be bound onto the surface of 
metal nanoparticles through the coordinating interactions with electron deficient surface of 
metal nanoparticles.47,48 A simple, reliable and sensitive colorimetric visualisation of melamine 
in milk through the use of gold nanoparticles (AuNPs) has thus been reported.49 Melamine 
contains multiple sites that allow it to be strongly bound to the surface of AuNPs (Figure 15a) 
and thus plays the role of a molecular linker with which to efficiently crosslink AuNPs, which 
can be seen directly with the naked eye (Figure 15b) and monitored by ultraviolet visible 
absorbance spectra. 
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Figure 15. (a) The interaction of melamine with AuNPs and the aggregation of citrate-stabilized AuNPs 
through direct cross-linking with melamine. (b) Visual colour change of Au NPs with the indicated 
concentrations of melamine.49 
 
 
Matrix-assisted laser desorption/ionisation (MALDI) can, meanwhile, generally be used for 
the fast qualitative and quantitative analysis of small molecules.50,51 Perkise et al.52 have 
described a quick and easy method for the analysis of melamine and its derivatives in standard 
solution and in milk powder using matrix-assisted laser desorption/ionisation time-of-flight 
mass spectrometry (MALDI-TOF-MS). A dried-droplet method was used, in which the MALDI 
matrix was sinapinic acid. This technique allows the detection and quantitation of melamine in 
milk powder, whole milk and other products at levels down to low ppb in analysis times of a 
few tens of seconds. 
 
In order to employ exfoliated graphene prepared using the ball-milling process for biological 
applications, it is necessary to quantify the melamine, which could remain in the graphene 
dispersions. This has been achieved through the use of experimental analysis.  
 
In a typical sample of graphene after the ball-milling treatment, the dispersions were washed 
by filtration with 160 ml of hot water in order to remove the melamine. The graphene samples 
were then redispersed in fresh water to obtain stable dispersions. The melamine quantification 
was first performed by carrying out Experimental Analysis.  
 
It would, however, be advisable to have a faster means to at least be sure that the amount of 
melamine is under the safety levels. One possible methodology could be the use of gold 
nanoparticles. AuNPs can be directly cross-linked with melamine, and the resulting aggregation 
then produces a change in colour that can be used to develop a simple colorimetric detection of 
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melamine in graphene samples, measured with the naked eye and the UV-Vis spectroscopy. 
Another possibility is that of using a matrix-assisted laser desorption/ionisation time-of-flight 
mass spectrometry technique. 
 
3.4.1. Detection of melamine by UV-Visible 
AuNPs were prepared by reducing of gold(III) chloride trihydrate with trisodium citrate.53 
The resulting citrate-stabilized AuNPs were wine red owing to their strong surface plasma 
resonance at 520 nm. In a typical procedure, 25 ml of trisodium citrate (38.8 mM) was added to 
a boiling solution of gold(III) chloride trihydrate (500 ml, 0.5 mM) and the solution was stirred 
for 15 minutes until a wine-red suspension was obtained. The concentration of the AuNPs 
suspension was determinated using UV-Vis spectrocopy, as has been reported in the literature,54 
and 5.2 nM of AuNPs suspension was obtained. 
 
A graphene dispersion in water, with 3.5 ppm of melamine (detected by Elemental Analysis) 
was used. This dispersion was employed to dilute and prepare new graphene dispersions 
containing a concentration of melamine of between 0.5 ppm to 3.5 ppm. Upon the direct 
exposure of nanoparticles to melamine, the colour of the AuNPs progressively changed from 
wine red to blue, while the concentration of melamine increased in the graphene dispersion. 
Clear colour changes were observed at between 1 ppm and 1.5 ppm of melamine (Figure 16a). 
 
 
Figure 16. (a) Visual colour change of AuNPs with graphene dispersion with the indicated concentration 
of melamine. (b) The evolution of UV-Vis absorbance spectra of AuNPs with graphene dispersion at 
different concentrations of melamine. (c) Ratio A640/A520 versus melamine concentration of graphene 
dispersion. 
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The aggregation of AuNPs with melamine was meanwhile monitored using UV-Vis 
spectroscopy (Figure 16b). The addition of melamine at different concentrations led the original 
absorbance of AuNPs at 520 nm to gradually decrease, while a new absorbance at 640 nm, 
which it is characteristic of aggregates, increased. These results suggest that trace melamine can 
be directly detected by the aggregation of AuNPs. The corresponding colorimetric effect was 
evaluated by comparing the ratio between absorbance at 640 nm and absorbance at 520 nm 
(A640/A520) for each dilution of the graphene dispersion (Figure 16c). However, the results 
showed poor linearity, suggesting that a high melamine concentration (˃ 2.5 ppm) leads to the 
rapid precipitation of AuNPs during the mixing of melamine with AuNPs, signifying that the 
kinetic aggregation cannot be accurately characterised with the use of UV-Vis spectroscopy.49 
We therefore chose lower concentrations of melamine (0.25 ppm to 2.25 ppm) for the 
evaluation of the aggregation. 
 
 In Figure 17, the ratio A640/A520 for each concentration of melamine is plotted against the 
concentration exhibiting Lambert–Beer behaviour, with excellent linearity (R2 = 0.99). A limit 
of detection (LOD) and the limit of quantification (LOQ) of 0.21 ppm and 0.63 ppm, 
respectively, were obtained.  
 
The measurements confirm that AuNPs provide a reliable assay for the rapid detection of 
melamine into the graphene dispersions. 
 
 
Figure 17. Ratio A640/A520 versus melamine concentration of graphene dispersion. 
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3.4.2. Detection of melamine by MALDI-TOF-MS 
In order to further confirm the amount of melamine in graphene samples, the diluted 
dispersion with concentration of melamine of between 0.25 ppm and 2.25 ppm was 
characterised using MALDI-TOF-MS.  
 
In a typical procedure, 10 µL of each dispersion were place into three wells of target plate 
and were completely dry at room temperature before being inserted in a vacuum based mass 
spectrometer for analysis. Figure 18 shows an example of graphene sample mass spectrum, in 
which only one peak at m/z 128.264 can be observed, which corresponds to the melamine that is 
present in graphene dispersion. This analysis was carried out without additional matrix. As is 
reported in several studies, graphene can play this role as a matrix for the analysis of low 
molecular weight compounds by using matrix-assisted laser desorption/ionisation time-of-flight 
mass spectroscopy.55  
 
 
Figure 18. Mass spectrum of graphene dispersion with a concentration of ppm melamine. 
 
 
The mass spectrum of each dilution is carried out three times and the average signal to noise 
(S/N) ratio is plotted against concentration of melamine in the graphene dispersion, thus 
exhibiting Lambert-Beer behaviour (Figure 19). This method showed good linearity (R2 = 0.97) 
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Figure 19. Ratio signal/noise versus concentration of melamine in graphene dispersions. 
 
 
The calibrated plot obtained using UV-Vis and MALDI-TOF-MS allow us to quantify the 
melamine present in the graphene samples in order to employ these materials in biological 
applications. The visual colour change additionally allows the safety limit of melamine 
established in literature (1 ppm) to be identified.46 The principal advantage of these methods is 
that they required a simple preparation step and that the measurements are completed in short 
amounts times. Both showed excellent precision and linearity for the melamine analysis. 
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The milling treatments were carried out in a Retsch PM100 Planetary Mill in different 
atmospheres (air or nitrogen) and by using the reaction conditions described in Table 1. In 
sample 2, graphite and melamine were weighed in a glovebox workstation with an N2 gas 
system.  
 
The thermogravimetric analyses were performed with a TGA Q50 (TA Instruments) at 10 
ºC/min in a nitrogen atmosphere. Raman spectra were recorded with an Invia Renishaw 
microspectrometer equipped with a He–Ne laser. Raman samples were prepared by immersing 
of silicon oxide surfaces (Si-Mat silicon wafers, CZ) in stable diluted dispersions of 
graphene/melamine; after the solvent had evaporated, the surfaces were washed with boiling 
water. For the TEM analyses concentrated dispersions of graphene/melamine were filtrated on a 
Millipore membrane (PTFE, 0.45 µm), and special attention was paid to keeping the samples 
wet during the filtration processes. Graphene samples were redispersed in fresh DMF to form 
stable dispersions. 25 mL of these dispersions were placed on a copper grid (3.00 mm, 200 
mesh, coated with carbon film), and after being washed with boiling water and dried under 
vacuum, the sample was investigated by using TEM Philips EM 208, with an accelerating 
voltage of 100 kV. UV-vis-NIR spectra were recorded in 1 cm quartz cuvettes on a Jasco FP-
6500/6600 spectrofluorometer.  
 
Photoelectron spectra (XPS) were obtained with a VG Escalab 200R spectrometer equipped 
with a hemispherical electron analyser with a pass energy of 50 eV and a Mg K α ( h ν = 1254.6 
eV) X-ray source, powered at 120 W. Binding energies were calibrated relative to the C 1s peak 
at 284.8 eV. High-resolution spectra envelopes were obtained through the use of curve fitting 
synthetic peak components by employing “XPS peak” softward Symmetric Gaussian-Lorentzian 
curves were used to approximate the line shapes of the fitting components. Atomic ratios were 
computed from experimental intensity ratios and normalised by atomic sensitivity factors. 
 
For the conductivity analyses, dispersions of graphene 5 diluted in water, after washing to 
remove the melamine, were filtrated on a Millipore membrane (PTFE, 0.45 µm). The measures 
were obtained with a Jadel RM3000 Model with an s = 0.064 cm distance between two probes 
at a current of 1 mA.  
 
Mass spectra were measured with an Autoflex II time-of-flight (TOF)/TOF Bruker 
spectrometer (Bremen, Germany). The dispersions of melamine/graphene were analysed in 
Exfoliation of Graphite by Ball-milling Chapter 2. 
 71 
positive reflector mode in the m/z range 50-300 with optimized fixed laser. 2000 shots per 
spectrum were accumulated randomly from 3 spot positions for each example.  
 
4.2. Synthesis of exfoliated graphenes 
 
4.2.1. Synthesis of graphene 1-3 
 
Graphite (5 mg) and melamine (2,4,6-triamine-1,3,5-triazine) (25 mg, 0.20 mmol) were 
placed in stainless steel grinding bowl with ten stainless steel balls (1 cm diameter). The ball-
milling frequencies, atmospheric conditions and reaction times are detailed in Table 1. The bowl 
was closed and placed in the planetary mill. After the corresponding treatment, the resulting 
solid mixture was suspended in 20 mL of DMF or water, and sonicated for 1 min. The as-
prepared dispersions are stable at room temperature for weeks. Only for sample 1 in water was a 
precipitate (4.4 mg) observed after 5 days. 
 
4.2.2. Synthesis of graphene 4 
 
Graphite (15 mg) and melamine (2,4,6-triamine-1,3,5-triazine) (15 mg, 0.12 mmol) were 
placed in stainless steel grinding bowl with ten stainless steel balls (1 cm diameter). The ball-
milling frequencies, atmospheric conditions and reaction times are detailed in Table 1. The bowl 
was closed and placed in the planetary mill. After the corresponding treatment, the resulting 
solid mixture was suspended in 20 mL of DMF and sonicated for 1 min.  The as-prepared 
dispersion is stable at room temperature within weeks. 
 
4.2.3. Synthesis of graphene 5 
 
Graphite (7.5 mg) and melamine (2,4,6-triamine-1,3,5-triazine) (22.5 mg, 0.18 mmol) were 
placed in stainless steel grinding bowl with ten stainless steel balls (1 cm diameter). The ball-
milling frequencies, atmospheric conditions and reaction times are detailed in Table 1. The bowl 
was closed and placed in the planetary mill. After the corresponding treatment, the resulting 
solid mixture was suspended in 20 mL of DMF and sonicated for 1 min. The as-prepared 
dispersion is stable at room temperature within weeks.  




In summary, we have described a scalable and easy technique for the exfoliation of graphite 
in the presence of melamine by using ball-milling processes in solvent free conditions. This 
method avoids structural changes in graphene. Large quantities of inexpensive materials like 
graphite and melamine can be used for the massive and fast production of few-layer graphene 
with a low concentration of defects. Moreover, melamine can be removed by filtration with hot 
water, and graphene samples can be redispersed in fresh solvents to form stable dispersions. 
This approach permits the stabilisation of the graphene sheets in water and DMF at room 
temperature for weeks. 
 
The methodology opens up new horizons as regards an alternative and efficient means of 
processing of graphene materials, such as film deposition and chemical functionalisation. In 
order to employ these materials for biological applications, quick and easy methodologies for 
the analysis of melamine in water graphene dispersions by using UV-Vis and MALDI-TOF-MS 
have been described. The resulting aggregates of AuNPs with melamine show colour changes, 
which permit the naked eye to detect the ppm level of melamine in graphene. 
 
 
Scheme 2. Schematic illustration of the exfoliation of graphite using a ball-milling approach and, 
subsequently, the efficient processing of these graphene materials.  
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Preparation of Graphene via 
Non-covalent Interactions 
 




As has been described in previous chapters, graphene is a one-atom thick layer material. 
Unless well separated from each other, graphene sheets have a natural tendency toward re-
stacking in order to re-establish the graphitic structure through Van der Waals interactions and 
to minimise surface free energy form graphite.1 This can be avoided by covalent 
functionalisation or by non-covalent interaction.2 In this chapter we focus principally on non-




1.1. Non-covalent interactions of graphene 
  
Non-covalent methods would appear to be the most versatile and non-destructive ways in 
which to manipulate graphene. Non-covalent modifications are weak comparison to covalent 
functionalisation, and thus involve less perturbation of the pi conjugated structure of graphene.4 
These interactions include Van de Waals forces, electrostatic interactions, hydrogen bonding or 
pi−pi stacking interactions, and require the physical adsorption of suitable molecules on the 
graphene surface. What is more, they are easy to achieve on the entire graphene surface and are, 
in some cases, reversible. These techniques have previously been employed in the surface 
modification of the sp2 networks of carbon nanotubes.5,6  
 
Non-covalent functionalisation is achieved by using polymer wrapping, adsorption of 
surfactants or small aromatic molecules, and interaction with porphyrins or biomolecules.7 This 
methodology opens up new horizons as regards obtaining graphene derivatives for several 
applications, including graphene-based chemical detectors, field-effect transistors or organic 
optoelectronic devices. 
 
Experiments concerning the use of π-surfactant to obtain the dispersion of individual carbon 
nanotubes in water8 have been used as the basis in several studies regarding the exfoliation of 
graphite to obtain individual graphene sheets, which are stabilised by non-covalent interactions 
with suitable surfactants that contain an extended conjugated π-system. Initial investigations 
based on commercially available surfactants, such as sodium dodecylbenzenesulfonate (SDBS), 
sodium cholate (SC), and sodium deoxycholate (SDC) have revealed significant differences 
between individualisation efficiencies.9 While the highest overall material uptake has been 
observed in amphiphilic SDBS dispersions, the use of SDC leads to by far the highest degrees 
of individualisation. These results have demonstrated that this is a low-cost and scalable process 
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with which to prepare stable dispersions of graphene at concentrations up to 0.3 mg/ml in water 
through the use of aromatic surfactants interactions. 
 
Pyrene moiety has been reported to have a strong affinity towards the basal plane of carbon 
nanoestructures via π-stacking. One example of the non-covalent modification of CNTs was 
described by Guldi et al.,10 and was based on interactions pi-pi between SWNT-pyrene-fullerene. 
This structure is the first hybrid of fullerene C60 and SWNTs. The effectiveness of pyrene-based 
π-surfactants in nanotubes was reviewed for the exfoliation of graphene and was compared to 
solution phase processing.11  
 
Green et al.12 have recently described the use of various pyrene derivatives to stabilise high 
concentrations of graphene sheets in aqueous dispersions. They have also investigated the role 
of functional groups of pyrene derivatives in the stabilisation process. The functional groups 
with higher electronegativity are more efficient in driving the adsorption of stabilisers on the 
graphene layers. 
 
Xu et al.13 have prepared stable aqueous dispersions of graphene nanoplatelets using a water-
soluble pyrene derivative, 1-pyrenebutyrate as a stabiliser. In this case, graphene sheets 
prepared with the reduction of graphene oxide can be non-covalently functionalised with 1-
pyrenebutyrate, and the resulting composite can be stably dispersed in water. Large area flexible 
1-pyrenebutyrate-graphene films with layered structures have been successfully prepared using 
filtration (Figure 1). This graphene film is characterised by its flexibility and the enhancement 
of the conductivity properties in comparison to the starting graphene oxide.  
 
 
Figure 1. (a) Photograph of a 6 µm thick 1-pyrenebutyrate-graphene film (1 × 3 cm). (b) SEM 
side view image of a 2.5 µm thick 1-pyrenebutyrate-graphene film.13 
 
 
Graphene and non-covalent functionalised graphene therefore have several advantages over 
conventional indium tin oxide electrodes.14 Graphene is much more flexible and less expensive 
than ITO. What is more, the use of appropriate molecular dopants is an effective method by 
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which to reduce a sheet resistance and enhance the power conversion efficiency of these 
materials.15 
 
Bose et al.16 have described the exfoliation of graphene by non-covalent functionalisation 
using 9-anthracene carboxylic acid (Figure 2). This method allows the stable aqueous dispersion 
of graphene to be obtained without the use of strong acids, and enables its electrical properties 
to be preserved. These materials have a high specific capacitance value.  
 
 
Figure 2. Proposed mechanism for the formation of stable aqueous dispersion of graphene using non-
covalent functionalisation with 9-anthracene carboxylic acid.16 
 
 
This method has additionally been employed in different fields owing to the fact that it plays 
a key role as regards enhancing the efficiency of  typical semiconductors and thin organic films 
via surface transfer doping.17   
 
It has also been demonstrated that non-covalent functionalisation can be used for bandgap 
opening in bilayer graphene. Pristine graphene is a semimetal with a zero bandgap, which is a 
disadvantage for practical applications in electronic or optoelectronic devices.18 Raman 
spectroscopic studies have recently indicated that the doping level of single-layer can be 
modulated with aromatic molecules.19 Aromatic molecules with electron withdrawing groups 
dope the single-layer graphene with holes, which results in upshifts in both Raman G and 2D 
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single-layer bands, whereas aromatic molecules with electron donating groups upshift the 2D 
but downshift the G-band frequencies.  
 
Non-covalent modification is a promising approach with which to control the graphene 
doping level and tailor graphene for transistor devices. As an example, a graphene-based field 
effect transistor was designed using the non-covalent modification of graphene through an 
interaction with an organic donor and acceptor molecules.20 Huang et al.21 have also reported 
that non-covalent functionalised graphene with glucose oxidase is a promising candidate for the 
development of real-time nanoelectronic biosensors (Figure 3). Glucose oxidase or glutamic 
dehydrogenase was immobilised onto graphene film via a linker molecule, 1-pyrenebutanoic 
acid succinimidyl ester. This linker, which is located on one end, attaches to the graphene 
surface via pi−pi interaction with a pyrene group, while the other end covalently reacts with the 
amino group on the enzyme thanks to an amide bond. Glucose or glutamate molecules were 
detected as a result of the conductance change of the graphene transistor as the molecules were 
oxidized by the specific redox enzyme (glucose oxidase or glutamic dehydrogenase) which was 




Figure 3. Schematic illustration of non-covalent functionalised graphene for field effect transistor 
through interaction with glucose oxidase.21 
 
 
The structure and electronic properties of graphene that has been modified through the use of 
interaction with small atoms and molecules have been studied extensively. The non-covalent 
interactions involving π systems have been shown to be interesting for the stabilisation of 
proteins, enzyme-drug, DNA and organic molecules, which is relevant for various applications 
of graphene.22 One example is the use of the non-covalent functionalisation of graphene with 
polyethyleneglycol, making it soluble and biocompatible for use in drug transportation.23 Deng 
et al.24 have subsequently successfully demonstrated that DNA decorated graphene oxide and 
reduced graphene oxide are particularly suitable for the organisation of gold nanoparticles into 
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two-dimensional hybrid (Figure 4). The DNA directed assembly of metal-graphene represents a 
general, easy, highly specific, non-destructive and environmental-friendly process for nano-
constructions. These structures have been employed in several applications, including catalysis, 
magnetism, battery materials, optoelectronics, field effect devices and bio-detection platforms. 
 
 
Figure 4. DNA coating and aqueous dispersion of graphene oxide (GO) and reduced graphene oxide 




1.2. Density Functional Theory (DFT) 
 
According to IUPAC, computational chemistry is defined as “a discipline using 
mathematical methods for the calculation of molecular properties or for the simulation of 
molecular behaviour”.25 In recent years, this methodology has been employed in several areas, 
in order to complement the information obtained from experimental results or, in some cases, to 
predict previously procedures.26  
 
The capability of tuning the graphene band structure is a hot topic, and the adsorption of 
small molecules could be a simple and effective method by which to control the electronic 
properties of graphene systems. From a theoretical point of view, the quantification and 
identification of the nature of interactions of adsorbed molecules on graphene imply several 
challenges. One important aspect in this kind of systems is the calculation of the dispersion 
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interactions, which are ubiquitous weak attractive forces between molecules. It has become 
clear that they are one of the dominant forces for large molecules and in supramolecular 
chemistry. The calculation of these dispersion forces is complex from a computational 
perspective. Quantum mechanical calculations based on density functional theory, with the most 
widely used exchange-correction DFT functionals, i.e., local density approximation (LDA)27 
and generalised gradient approximation (GGA),28,29 are often inadequate.  
 
Some studies have recently shown that the adsorption strength of molecules on graphene is 
governed by dispersive interactions30 and that the omission of non-local electron correlations 
can strongly affect the calculated adsorption energy. A number of dispersion-corrected DFT 
methods have been developed, the most widely used of which are probably the DFT-D family 
of methods by Grimme (mostly at the B97-D level)31 and fully non-local and computational 
expensive methods.32–34 
 
Several authors have recently performed theoretical studies on the interactions of small 
molecules35 and polycyclic aromatic compounds with graphene.30,36 As an example, the studies 
concerning the adsorption energy of 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) and 
tetrathiafulvalene (TTF) induce hybridisation between the molecular levels and the graphene 
valence bands and transform the zero-gap semiconducting graphene into a metallic graphene.37 
 
Many previous studies regarding adsorption on atomically flat surfaces revealed that 
molecules, such as benzene,38 which can adopt planar topologies are ideal structures, and that 
their 2D organisation can often be controlled when they engage in strong intermolecular 
interactions such as hydrogen bonds.39 These studies have shown that aminotriazines are highly 
attractive candidates as regards the creation of 2D molecular assemblies (Figure 5) owing to 
their unusually strong affinity for graphite.40 Charge transfer from graphene to aminotriazines 
would appear to occur, in part, as a result of the presence of hydrogen atoms in the substituent. 
These systems are hallmarks of the self-assembled structures at solid-liquid interfaces. 
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Figure 5. Views of the calculated structures of 2-amino-1,3,5-triazine (a) , 2,4-diamino-1,3,5-triazine (b), 
and melamine (c) adsorbed on a graphene sheet, showing how the NH2 groups are directed towards the 
underlying surface.40  
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2. Aim of the work 
 
The procedure used to exfoliate graphite described in Chapter 2 has several interesting 
aspects as regards the use of melamine as dispersing agent in ball-milling experiments. First, 
melamine can be easily washed away, leaving pure graphene flakes in organic or water 
dispersions. Another question relates to the size of melamine, which is a small molecule in 
comparison to the structure of the polyaromatic hydrocarbons used for the exfoliation of 
graphite. In order to explain these results, and particularly to understand the role of melamine in 
the exfoliation, we have carried out further experimental and computational investigations. We 
have modified the structure of the exfoliating agent from melamine to other triazine/benzene 
derivatives. This study aims to respond to many fundamental questions: Is this exfoliating 
process only induced by melamine? Can we use other triazine systems to achieve exfoliation 
while simultaneously stabilising graphene flakes in different solvents? Does this work disclose 
new concepts for the non-covalent modifications of graphene?.  
 
 
Scheme 1. Schematic illustration of the exfoliation of graphite using different aromatic 
molecules (exfoliating agent) in a ball-milling treatment. 
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3. Results and discussion   
 
3.1. Preparation of graphene samples 
 
The aromatic compounds depicted in Chart 1 are commercially available, with the exception 
of 2,4,6-tri(N,N-diethylamino)-1,3,5-triazine, which was prepared by following the procedures 
described previously.41 We have used the ball-milling parameters and graphite/exfoliation agent 
ratio described in Chapter 2 as the best conditions for the preparation of large quantities of 
graphene with a low concentration of defects (sample 5). 7.5 mg of graphite and 0.16 mmol of 
the triazine/benzene derivative were ball-milled at 100 rpm for 30 minutes in an air atmosphere.  
 
Chart 1. Chemical structure of the exfoliating agents used in this study with their names and 




After the milling treatment, the resulting solid mixtures were dispersed in 20 mL of water or 
DMF to produce black suspensions. After allowing the solutions to rest for 5 days, the 
precipitate was removed. The resulting dispersions were stable at room temperature for weeks. 
A comparison between the dispersions obtained in DMF using the different exfoliating agents is 
presented in Figure 6. No dispersion but only a black solid was obtained when graphite was 
ball-milled in the absent of an exfoliating agent. 
 
 
Figure 6. Photograph of graphite and graphene/exfoliating agent solutions in DMF. 
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3.2. Characterisation of graphene samples 
 
Thermogravimetric analysis provides insights into the composition of graphite and the 
exfoliating agent before and after the ball-milling process (Figure 7). Graphite is thermally 
stable when heated up to 900 ºC in an inert atmosphere. Samples of graphite after the ball-
milling treatment with the triazine/benzene derivatives show that there is a weight loss at around 
300 ºC, which corresponds to the amount of exfoliating agent used in each sample. No further 
loss takes place above or below this temperature, showing that no oxidative defects have been 
generated around the graphite flakes.9  
 
 
Figure 7. TGA thermograms of graphite, aromatic molecules and the samples of graphene exfoliated with 
each derivative before and after mechanochemical treatment. 
 
TGA (Figure 8) has also been used to calculate the concentration of pure exfoliating agent 
and graphene in dispersions of water (Table 1) and DMF (Table 2) by employing the thermal 
analysis of the solid precipitated after 5 days in each sample. As an example, for sample 2 in 
water, a precipitate (24.7 mg) was observed after 5 days. The thermogram showed a weight loss 
of 79%, which corresponds to the amount of TNE-T (19.5 mg). 5.2 mg of graphite was then 
precipitated, and 2.3 mg of graphene remained in 20 ml of water, thus leading to a concentration 
of 0.12 mg/ml of graphene in water. 
 
Chapter 3. Preparation of Graphene via Non-covalent Interactions  
 91 
 
Figure 8. TGA thermograms of solid precipitated after 5 days in water and DMF. 
 
 
Table 1 shows the final concentration of exfoliating agent and graphene in water for the 
different samples, while Table 2 shows the same results in DMF. The final concentration of 
graphene in water depends on the solubility of the exfoliating agent. Derivatives such as 2,4,6-
trihydroxy-1,3,5-triazine, which are highly solubility in water, do not disperse the graphene 
flakes in water. DMF dispersions can also be prepared, in which case the substituents in the 
triazine derivatives would appear to be the key factor in the stabilisation of the graphene layers. 
The highest graphene concentration is obtained using melamine. In fact, the graphene to 
melamine ratio is higher than that of all the compounds tested, and is higher than that described 
for other polymers and surfactants.12 While the possibility of forming hydrogen bonds between 
molecules leads to higher graphene concentrations (Table 2), amino substituents in the triazine 
rings lead to the highest graphene concentrations, which suggests that amino substituents 
provide more stabilisation than hydroxyl groups.  
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The as-prepared dispersions can be filtered and washed to remove the triazine/benzene 
derivatives. The graphene samples can then be redispersed in fresh solvents, forming stable 
suspensions, which can be characterised using the UV-Vis-NIR absorption spectroscopy, 
exhibiting Lambert-Beer behaviour. Table 3 shows the final graphene concentrations of free-
exfoliating graphene dispersions in DMF calculated by UV-Vis-NIR absorption (Figure 9). 
 
 
Table 3. Final graphene concentration, in-plane crystallite sizes (La) and distance between 
defects (LD) of graphene samples prepared using different exfoliating agents in DMF. 
 
 




Figure 9. (a) UV-Vis spectra of graphene dissolved in DMF (graphene concentrations are mg/ml). (b) 




In order to demonstrate the exfoliation of graphite and to analyse the quality of the graphene 
produced using the different exfoliating agents, fresh graphene dispersions of graphene 1-5 were 
drop cast onto silicon oxide surfaces and studied with the use of Raman spectroscopy. This 
technique helps to identify graphene from graphite and few-layer graphene, and has become a 
key technique with which to probe disorders in graphene through defect activated peaks.42,43 
Graphene exhibits G and 2D modes at around 1580 and 2700 cm-1, respectively, which always 
satisfy the Raman selection rules. When graphene is affected by defects, the Raman features at 
1345 cm-1 (D band) and 1626 cm-1 (D’ band) appear in the spectrum. The evolution of the 
intensity ratio ID/IG between the G and the D band has recently been used to provide a method 
with which to quantify the density of defects in monolayer and few-layer graphene.44,45 
Moreover, at a moderate defect concentration, the D’ peak can be clearly distinguished from the 
G peak, and the intensity ratio of the D and D’ peak can be used to obtain information 
concerning the nature of the defects for moderate amount of disorder.46 
 
Figure 10a compares the 514 nm Raman spectra of bulk graphite and representative flakes 
from DMF dispersions of graphene 2 and 5. Even though the final concentrations of graphene 
are not as high as when using melamine as an exfoliating agent, Raman spectroscopy shows that 
the graphene produced in the different samples consists of few-layers. The 2D band of the 
diverse samples is quite different from bulk graphite, it can be deconvoluted into four bands 
(Lorentzian peaks), which has been reported as a characteristic feature of the Raman spectra of 
bilayer graphene.47 In addition, Figure 10c shows a representation of the intensity ratio between 
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the G and 2D bands when the Raman spectra were taken in different areas of the sample. It has 
been stated that the intensity of the G band increases with the number of layers,48 and in this 
figure it would thus appear that triaminotriazine derivatives are better as regards exfoliating 
graphite. 
 
We have also calculated the in-plane crystallite size (La)49 (amount of border with regard to 
the total crystallite area) and the distance between defects in the sp2 lattice LD.44,50 Table 3 
clearly shows smaller values for the benzene derivative, while similar data are observed for the 
triazine derivatives. The nature of these defects can be estimated by the intensity ratio of the D 
and D’ peak, using the model described by Eckmann et al.46 This ratio is maximum, around 13, 
for sp3-defects, it decreases to 7 for vacancy-like defects and reaches the minimum for boundary 
like defects. Based on the data reported in Table 3 and Figure 10d, these latter are the type of 
defects that we expect to find in our samples. 
 
 
Figure 10. (a) Comparison of Raman spectra for graphite, graphene 2 and graphene 5. (b) The D band in 
graphene 2, fitted to one component. The four components of the 2D band in graphene 2. Statistical 
representation of intensity ratios between (c) G and 2D band and (d) D and G band in Raman spectra of 
graphene 1-5. The dots represent data measurements from different locations in the sample, and the 
whiskers are standard deviations. 
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Graphene flakes can also be observed by using Transmission Electron Microscopy. Figure 
11 shows representative images of graphene flakes, free from the exfoliating agents, produced 
by the immersion of a TEM grid in the respective dispersions. The flakes appear to be very large 
and extremely flexible, with many visible wrinkles. 
 
 
Figure 11. TEM images of (a) graphene 1, (b) graphene 3 and (c) graphene 5. 
 
 
3.3. Computational studies 
 
The calculations were performed using GAUSSIAN 0951 suites of programmes. In order to 
reduce the computational cost, all the structures were pre-optimised by using the ONIOM52–54 
method with DFT55 B3LYP/3-21G*56–58 and B97-D as the low and high-theory levels, 
respectively. A graphene sheet consisting of 170 carbon atoms and 36 peripheral hydrogen 
atoms was used in the calculations, with the C-C and C-H bond distances set at 1.46 Å and 1.01 
Å, respectively. Pre-optimised structures were fully optimised with a semi-local density 
functional with the dispersion corrections (B97-D) level of theory developed by Grimme.31 This 
method renders reasonable results at a very low computational cost in comparison to 
CCSD(T),59 and has already proved to be useful in non-covalent interactions between graphene 
sheets.60 In the case of the adsorbents, the molecular structures were fully optimized with the 
B97-D method until the minima were localised or the gradient convergence factor was better 
than 10-6 hartree/bohr. All the species were free to move during the optimisation steps.  
 
The adsorption of different triazine and benzene derivatives on a graphene sheet has been 
studied. The geometry features of some of these compounds are depicted in Figure 12, which 
shows the most stable conformation of each compound. Note that the adsorbate atoms are 
located in the positions at which the carbon atoms of the next second graphite like sheet should 
be found, in agreement with similar studies.30 
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Figure 12. Geometric features of some exfoliating agents on the graphene sheet. 
 
 
The adsorption energy, Eads for the exfoliating agents on the graphene sheet, is defined 
according to the following equation [1]: 
Eads= EEa/Graphene- (EEa + EGraphene)    [1] 
where EEa/Graphene is the energy of the system when the exfoliating agent (Ea) is adsorbed on 
graphene and EEa and EGraphene are the energies of the isolated exfoliating agent and graphene 
respectively. According to this definition, the adsorption energy is negative if the complete 
system is stabilised with the adsorption of the exfoliating agent on graphene. 
 
Table 4 shows the adsorption energies of some triazine and benzene derivatives. These 
results concord with previous computational studies.40 The stabilisation energies of 1,3,5-
triazine and benzene derivatives are similar, although slightly higher in the case of benzene 
rings (Table 4, entries 3, 8 and 4, 9). As expected, the presence of NH2 and OH groups in the 
aromatic core increases the adsorption energy, which is also higher according to the number of 
groups, thus providing NH2 substituents with more stabilisation than OH groups (Table 4, 
entries 4, 6 and 9, 11). 
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Table 4. Adsorption energies (Eads) for each exfoliating agent on the graphene sheet 





A close examination of the geometry features of the optimised structures reveals that the 
hydrogen atoms in the NH2 group are directed toward the graphene surface (Figure 13a). As 
previously reported, there is a high degree of interaction between the NH2 group and the 
graphene surface, which requires distortion of the NH2 groups outside the triazine plane. In fact, 
the distance calculated between the graphene surface and the hydrogen atom of the NH2 (2.7 Å) 
group in melamine is smaller than that of the hydrogen atom in the OH group in the 2,4,6-
trihydroxi-1,3,5-triazine (3.1 Å). As has previously been described,40 the adsorption energies of 
aminotriazines on graphene are directly related to the ability of these molecules to accept a 
charge transfer from graphene to aminotriazines, in part as a result of the presence of hydrogen 
atoms in the substituents. This explains why hydrogen atoms are directed toward the graphene 
surface and could also explain a higher adsorption energy for NMe2 substituents, which 
provides a larger number of hydrogen atoms. 
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Figure 13. Calculated geometries of: melamine adsorbed on a graphene sheet, (a) side view (c) top view 
and TOH adsorbed on a graphene sheet (b) side view, (d) top view. 
 
 
However, these results do not agree with the experimental findings. As described above, the 
highest concentration of graphene was obtained when using melamine as an exfoliating agent 
and not when using TNE-T. This latter molecule has more hydrogen atoms that can interact 
with the graphene surface and, according to this model, should have higher adsorption energy. 
This signifies that the adsorption energy of discrete molecules on graphene is not by itself 
sufficient to justify the exfoliation and stabilisation of graphite in good yields. 
 
It is known that triaminotriazines can form hydrogen bonds that can create 2D molecular 
assemblies on different surfaces.61,62 We thus performed the computational calculations of these 
possible aggregations. The calculated results at the B97-D level of theory for melamine and 
benzene derivatives aggregates are collected in Table 5.  
 
Table 5. Adsorption energies (Eads) of melamine and 1,3,5-triaminobenzene dimers on the 
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The geometrical features of certain aggregates are depicted in Figure 14. It should be pointed 
out that the adsorption energy of the melamine dimer on the graphene surface is higher than that 
of the 1,3,5-triamine benzene dimer. It is interesting to note that, in the case of melamine, this 
energy is similar when considering either a dimer or two individual molecules. Its behaviour 
differs in the case of the benzene derivative (Table 5, entries 2, 3 and 5, 6). In the case of the 




Figure 14. Calculated geometries of: (a) melamine dimer, (b) melamine dimer on graphene side view, (c) 
melamine dimer on graphene top view, (d) 1,3,5-triaminobenzene dimer on graphene top view. 
 
 
Similar results were observed by Rochefort et al.,38 who studied the adsorption of benzoic 
acids on graphene. Thus, whereas the adsorption of one molecule of benzoic acid, implies that 
both the CO and OH units in the COOH group are bent toward the graphene sheet, the COOH in 
the dimer remains parallel to the underlying surface. The adsorption energy of the dimer was 
smaller than the adsorption energy for two isolated molecules. The authors attributed this 
behaviour to an increased π-π repulsion. In our case, benzene derivatives do not form hydrogen 
bonds with each other, while in the melamine dimer the distance between two melamine 
molecules confirms the formation of hydrogen bonds. Moreover, the optimized structure of the 
dimer alone has a 3D structure, but, when it lies on graphene, it forms a 2D structure thanks to 
the formation of hydrogen bonds on the graphene layer (Figure 15). 
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Figure 15. Melamine dimer on graphene. 
 
 
If we go further to a four-melamine system, two geometrically different tetramers can be 
formulated, which are linear and nonlinear (Figure 16). The two possible aggregation patterns 
have similar energy values, although the most favourable is that which is nonlinear. The 
adsorption of this 3D structure on a graphene sheet has also been studied (Table 6), and has a 
similar behaviour to the adsorption of the melamine dimer in terms of stability.  
 
 
Figure 16. Melamine tetramer no lineal (a) and lineal (b) calculated at B97-D level of theory.  
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Finally, in order to simulate the graphite exfoliation process, we placed both the melamine 
and the 1,3,5-triaminobenzene tetramers between two layers of graphene. In this case the high 
molecular weight of this complex signified that the calculation had to be performed at PM6
63
 
theory level, which allows a higher number of atoms to be evaluated. Under these conditions, it 
can be observed that the melamine tetramer, from a 3D pattern, becomes a 2D structure, while 
the graphene layers tend to separate (Figure 17). 
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Figure 17. 1,3,5-triaminobenzene tetramer (a) and melamine tetramer (b) between two layers of graphene 
calculated at PM663 theory level.  
 
 
These results strongly suggest that the formation of a hydrogen-bonding network makes the 
formation of multipoint interactions with the surfaces of graphene possible and can be used for 
the exfoliation of graphite and the stabilisation of graphene in different solvents. These results 
also provide the basis for further experimental work for the preparation of non-covalently 
modified graphene, in which derivatives of aminotriazines could be designed to form extensive 
hydrogen bond 2D networks on the graphene surface with the aim of manipulating their 
electronic and chemical properties.  
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The milling treatments were carried out in a Retsch PM100 Planetary Mill air atmosphere at 
100 rpm for 30 minutes. 
 
The thermogravimetric analyses were performed with a TGA Q50 (TA Instruments) at 10 
ºC/min in a nitrogen atmosphere. UV-vis-NIR spectra were recorded in 1cm quartz cuvettes on 
a Cary 5000 UV-Vis-NIR spectrofluorometer. 
 
Raman spectra were recorded with an Invia Renishaw microspectrometer equipped with a 
He–Ne laser. Raman samples were prepared via the immersion of silicon oxide surfaces (Si-Mat 
silicon wafers, CZ) in stable diluted dispersions of graphene/melamine; after evaporation of 
solvent, the surfaces were washed with boiling water. For the TEM analyses, concentrated 
dispersions of graphene/melamine were filtrated on a Millipore membrane (PTFE, 0.45 µm), 
and special attention was paid to keeping the samples wet during the filtration processes. The 
graphene samples were redispersed in fresh DMF to form stable dispersions. These dispersions 
were placed on a copper grid (3.00 mm, 200 mesh, coated with carbon film), by immersion. 
After being washed with boiling water and dried under vacuum, the sample was investigated 
using a TEM Philips EM 208, with an accelerating voltage of 100 kV.  
 
 
4.2. Synthesis of samples 
 
4.2.1. Synthesis of 2,4,6-tris-(N,N-diethylamino)-1,3,5-triazine 
 
A solution of cyanuric chloride (2,4,6-trichloro-1,3,5-triazine) (1.84 g, 10 mmol) in 
dichloromethane (10 ml) was added to an N,N-diethylamino (4.18 ml, 30 mmol). The reaction 
mixture was stirred for 30 min. Evolved gaseous products that had passed through the condenser 
were trapped in an ice-cold washer. After the gas evolution had ceased, the residue was diluted 
with dichloromethane (10 ml), cooled to room temperature, washed with potassium bisulfate 
(1M, 10 ml) then dichloromethane and water (10 ml), dried with magnesium sulfate, and 
evaporated, yielding 2,4,6-tris-(N,N-diethylamino)-1,3,5-triazine (TNE-T) (0.5 g, yield 25%). 
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4.2.2. Synthesis of sample 1 
 
Graphite (7.5 mg) and 2,4,6-triamino-1,3,5-triazine (22.5 mg, 0.16 mmol) were placed in a 
stainless steel grinding bowl with ten stainless steel balls (1 cm diameter). The bowl was closed 
and placed in the planetary mill. The ball-milling treatment conditions were 100 rpm for 30 
minutes in an air atmosphere. After the treatment, the resulting solid mixture was suspended in 
20 mL of water and DMF and sonicated for 1 min. For sample in water, a precipitate (5 mg) was 
observed after 5 days. For sample in DMF, the dispersion was stable at room temperature within 
weeks. 
 
4.2.3. Synthesis of sample 2 
Graphite (7.5 mg) and 2,4,6-tri(N,N-diethylamino)-1,3,5-triazine (46 mg, 0.16 mmol) were 
placed in a stainless steel grinding bowl with ten stainless steel balls (1 cm diameter). The bowl 
was closed and placed in the planetary mill. The ball-milling treatment conditions were 100 rpm 
for 30 minutes in an air atmosphere. After the treatment, the resulting solid mixture was 
suspended in 20 mL of water and DMF and sonicated for 1 min. For sample in water, a 
precipitate (24.7 mg) was observed after 5 days. For sample in DMF, a precipitate (6.1 mg) was 
observed after 5 days. 
 
4.2.4. Synthesis of sample 3 
Graphite (7.5 mg) and 2,4,6-trihydroxy-1,3,5-triazine (20.6 mg, 0.16 mmol) were placed in 
a stainless steel grinding bowl with ten stainless steel balls (1 cm diameter). The bowl was 
closed and placed in the planetary mill. The ball-milling treatment conditions were 100 rpm for 
30 minutes in an air atmosphere. After the treatment, the resulting solid mixture was suspended 
in 20 mL of water and DMF and sonicated for 1 min. For sample in water, graphite starting 
precipitated after 5 days. For sample in DMF, a precipitate (7 mg) was observed after 5 days. 
 
4.2.5. Synthesis of sample 4 
Graphite (7.5 mg) and 2,4,6-trimethoxy-1,3,5-triazine (26.7 mg, 0.16 mmol) were placed in 
a stainless steel grinding bowl with ten stainless steel balls (1 cm diameter). The bowl was 
closed and placed within in the planetary mill. The ball-milling treatment conditions were 100 
rpm for 30 minutes in an air atmosphere. After the treatment, the resulting solid mixture was 
suspended in 20 mL of water and DMF and sonicated for 1 min. For sample in water, a 
precipitate (5.4 mg) was observed after 5 days. For sample in DMF, a precipitate (6.6 mg) was 
observed after 5 days. 
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4.2.6. Synthesis of sample 5 
Graphite (7.5 mg) and 1,3,5-trihydroxybenzene (19.6 mg, 0.16 mmol) were placed in a 
stainless steel grinding bowl with ten stainless steel balls (1 cm diameter). The bowl was closed 
and placed in the planetary mill. The ball-milling treatment conditions were 100 rpm for 30 
minutes in an air atmosphere. After the treatment, the resulting solid mixture was suspended in 
20 mL of water and DMF and sonicated for 1 min. For sample in water, a precipitate (6 mg) was 
observed after 5 days. For sample in DMF, a precipitate (7.4 mg) was observed after 5 days. 
  




We have studied, both experimentally and theoretically, the interactions of a series of 
aromatic derivatives with graphene layers. We have found that, although melamine performs 
better as regards the exfoliation of graphite, triaminotriazine derivatives are also useful systems 
for the exfoliation and stabilisation of graphene flakes in different solvents. The reason for this 
behaviour can be attributed to two main features: (1) analogously to all the other systems 
investigated, melamine has an aromatic nucleus that is able to interact with the π-system of 
graphene; (2) in addition to this, melamine is able to form extended 2D networks, based on the 
presence of hydrogen bonds. These results can be usefully exploited in the search for the ideal 
system for the exfoliation of graphite, in which triaminotriazine derivatives can be designed to 
form extensive hydrogen bond 2D networks on the graphene surface, whilst simultaneously 
manipulating their electronic and chemical properties through the use of non-covalent 
interactions. 
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for Graphene Modification 
 




The functionalisation of graphene sheets has, in recent years, been crucial for their end 
applications.1 Chemical modification can be achieved via both non-covalent and covalent 
interactions. Non-covalent interactions have been described in Chapter 3. In this chapter we 
shall therefore focus principally on the covalent modification methodologies. 
 
1.1.  Covalent modification 
 
Covalent modification often involves further disruption of the conjugation of the graphene 
structure, thus resulting in a modification of its properties. However, this method can be used in 
the production of graphene with appropriate properties for specific applications.  
 
The structural modification of graphene can take place at the end of the sheets or on the 
surface. The covalent functionalisation results in the sp2 carbon atoms of the carbon network 
being rehybridised into an sp3 configuration accompanied by the simultaneous loss of electronic 
conjugation, as shown in Figure 1,2 and an enhancement of the reactivity at the site adjacent to 
the point of covalent bonding.3 Based on this consideration, edge carbon atoms are more 
reactive than those located in the inner π surface.  
 
Although it might appear that graphene and other carbon nanostructures could react in a 
similar way, the curved structure of fullerenes and carbon nanotubes provide more reactivity 
than the planar sheets of graphene.4 Moreover, graphene contains a combination of the two 
basic types of edge configuration, which makes it difficult to control the functionalisation 
process.5 It has been found that the zigzag edges are the most reactive sites in graphene.6 What 
is more, the methods for graphene production provide layers with significant amount of defects, 
structural imperfections or chemical impurities on the surface. These imperfections are 
chemically activated for further chemical reactions, thus enhancing the chemical reactivity of 
graphene.7 
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Figure 1. Schematic illustration of covalent functionalisation of graphene.2 
 
 
Several methodologies have been proposed for the covalent attachment of reactive species to 
graphene flakes. In this work we shall focus on 1,3-dipolar cycloadditions and radical reactions, 
which have been demonstrated to be powerful means to solubilise and functionalise carbon 
nanostructures such as single-walled carbon nanotubes.8  
 
 
1.1.1. 1,3-Dipolar cycloaddition 
 
The methodology is based on the 1,3-dipolar cycloaddition of azomethineylides, which are 
generated with a condensation of an α-amino acid and an aldehyde. This is a versatile and 
powerful methodology that has been extensively used for the chemical modification of 
fullerenes9 and carbon nanotubes (Figure 2).10 The solubility of the modified nanotubes is 
significantly enhanced in most organic solvents and water. This approach opens up new 
horizons as regards both an efficient processing of these materials and the possibility of 
constructing new materials with diverse applications. 
 
 
Figure 2. 1,3-Dipolar cicloaddition of azomethineylides generated in situ by means of the thermal 
condensation of α-amino acids and aldehydes.10  
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The 1,3-dipolar cycloaddition reactions are one of the most promising approaches that can be 
used to disperse graphene in different solvents, which enhances their range of applicability in 
new technologies. Georgakilas et al.11 were the first to report the successful functionalisation of 
graphene via the 1,3-dipolar cycloaddition of azomethineylide (Figure 3). They exfoliated 
graphene in pyridine and then mixed it in DMF. The functionalisation was then carried out at 
150 ºC for 96 hours. Raman spectroscopy showed the enhancement of the ID/IG ratio, which 
evidenced the presence of functional groups on graphene sheets. In a subsequent step, the 
organic functionalisation facilitated the dispersion of graphene in organic or aqueous solvents.  
 
 
Figure 3. (a) Schematic representation of the 1,3 dipolar cycloaddition of azomethineylide on graphene. 
(b) Dispersion of graphene functionalised (Graphene-f-OH) in ethanol.11 
 
 
In order to study the active sites of graphene sheets, Quintana et al.12 functionalised 
graphene, prepared by sonicating graphite in N-methyl-2-pyrrolidone, with protected α-amino 
acid and paraformaldehyde. The amine groups were then deprotected in acid media and 
selectively bound to gold nanorods. Transmission Electron Microscopy was subsequently 
employed to show the nanoparticles as contrast markers for the identification of the graphene 
reactive sites. The authors in question observed nanorods not only on the graphene edges, but 
also on the graphene basal plane.  
 
It was also observed that the reactive sites of graphene have a strong dependence on the 
covalent chemical modification performed. To exemplify this statement, Quintana et al.13 
compared the selectivity of the cycloaddition reaction with the amidation reaction on exfoliated 
graphene. The addition of gold nanoparticles allowed the identification of the sites on which the 
reaction took place. The experimental results indicated that 1,3-dipolar cycloaddition probably 
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occurs next to defects and that the amide-condensation reactions are mainly present at the edges, 
where the carboxylic groups are localized (Figure 4).  
 
The 1,3-dipolar cycloadditions of azomethineylide and carbonyl ylide to models of graphene 
have similarly been investigated with DFT calculations.14 The authors suggested that reagents 
that are as reactive as carbonyl ylide should be effective modifiers of graphene because they can 
react in the central area, which has a significant effect on the morphology of graphene and 
changes the planar structure into a bent structure, thus breaking local pi−pi conjugation. 
Furthermore, the modification of graphene using azomethineylides is most likely to occur in the 





Figure 4. Graphene layers functionalised with Au nanoparticles (a, c). TEM photographs of the 
corresponding composites shown on the left (b, d).13 
 
 
1.1.2. Radical addition 
 
The covalent modification of carbon nanotubes by means of the electrochemical reduction of 
aryl diazonium salts is a widely used process. This functionalisation was first proposed by Tour 
et al.15 This versatile methodology allows the preparation of specific functional materials with 
an improved dispersion capability in organic solvents and water, by simply changing the 
substituents in the benzene ring.  
 
Some years later, the same authors provided a green and environmentally friendly 
modification of the process which leads to functionalised carbon nanotubes.16 Single-walled 
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carbon nanotubes were thus functionalised into small and individuals bundles by vigorous 
stirring “on water” in the presence of a substituted aniline and an oxidizing agent (Figure 5).  
 
 
Figure 5. Functionalisation of SWNTs “On Water” with vigorous stirring.16 
 
 
This methodology has recently been applied to the functionalisation of graphene by Hirsch et 
al.17 who have developed a wet chemical approach in order to prepare graphene from graphite 
via reduction with a solvated sodium-potassium salt. The negative graphite plane charges are 
neutralised by intercalating cations which increase the interlayer spacing. The covalent 
functionalisation of the charged graphene is subsequently achieved by using organic diazonium 
salts (Figure 6). After the reaction, the functional groups on the surface avoid pi-pi stacking and 
prevent the reaggregation of graphene sheets. These authors additionally corroborated that the 
electronic structure of graphene is preserved for medium degrees of functionalisation.  
 
 
Figure 6. Illustration of the intercalation and exfoliation of graphite (a) with subsequent functionalisation 
of intermediately generated reduced graphene, yielding functionalised 4-tert-butylphenyl (b).17 
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Tour´s group have similarly described another example of diazonium salt chemistry which 
allows steric repulsion to be induced between modified graphene layers in order to avoid 
reaggregation.18 Thermally expanded graphite was functionalised with 4-bromophenyl using the 
in situ diazonium formation procedure, and after mild sonication treatment in N,N’-
dimethylformamide, thin graphene layers were exfoliated from graphite. The high level of 
functionalisation attained at the edges in comparison to the basal plane was then confirmed with 
the use of Energy Filtered Transmission Electron Microscopy (EFTEM).  
 
As has been shown for the 1,3-dipolar cycloaddition, the degree of reactivity of aryl 
diazonium salts with graphene is strongly influenced by the structure of graphene; monolayers 




1.2. Microwave irradiation  
 
Microwaves occur in a transitional region of the electromagnetic spectrum, between infrared 
and radiofrequency radiation, in the frequency range of between 0.3 to 300 GHz. Microwave 
chemistry is based on the ability of some materials to transform electromagnetic heating into 
heat.  
 
The electric component of an electromagnetic field causes heating via two main 
mechanisms, dipolar polarisation and ionic conduction.20 The irradiation of the sample at 
microwave frequencies results in the dipoles or ions aligning in the electric field applied. As the 
applied field oscillates, the dipoles or ions attempts to realign themselves with the alternating 
electric field and in the process, energy is lost in the form of heat through molecular friction and 
dielectric loss. The amount of heat generated by this process is directly related to the ability of 
the matrix to align itself with the frequency of the field applied. If the dipole does not have 
sufficient time to realign, or is reorients too quickly with the field applied, no heating occurs. 
 
Microwave heating has the following advantages in comparison to conventional heating: 
 Microwave processing frequently leads to reduced reaction times, higher yields and 
cleaner reaction profiles, owing to the fact that this process can be carried out in the absence of 
solvents. 
 The monitoring of temperature and pressure in modern microwave reactors allows an 
excellent control of reaction parameters, which generally leads to more reproducible reaction 
conditions. 
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 Materials interact differently with the microwave frequencies, and selective heating can 
consequently be achieved.  
 The employment of microwave energy in a chemical reaction which has at least one 
component that is capable of coupling strongly with microwaves can lead to much higher 
heating rates than conventional techniques. This can be explained by the creation of hot spots 
which accelerate the reactions with other substrates. 
 Organic synthesis has traditionally been carried out by conductive heating with an 
external heat source, such as an oil bath. However, this is a slow and inefficient method by 
which to transfer energy into the system. In contrast, microwave irradiation produces efficient 
internal heating via the direct coupling of microwave energy with the solvents and reagents that 
are present in the reaction mixture (Figure 7). 
 
 
Figure 7. Inverted temperature gradients in microwave versus oil bath heating: Difference in the 
temperature profiles after 1 min of microwave irradiation (left) and treatment in an oil bath (right).21 
 
 
1.2.1. Interaction of microwaves with carbon nanostructures 
 
Microwaves are a powerful method in organic synthesis22 as regards shortening reaction 
times, enhancing reaction yields and product purity and providing eco-sustainable synthetic 
methodologies, by replacing or reducing the use of polluting reagents.  
 
The response of carbon nanostructures to microwave irradiation has been the subject of 
many recent investigations. Although the mechanism of carbon nanostructures-microwave 
interaction is not yet completely understood, the behaviour can be used for many interesting 
purposes, such as purification and chemical modification of carbon nanotubes23 and other 
nanomaterials, such as graphene.24 It has been demonstrated that graphene behaves as an 
excellent absorbent of microwave irradiation.  
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One of the principal problems in the practical applications of carbon nanotubes is the 
presence of impurities, such as amorphous carbon and metallic nanoparticles, in commercial 
nanotubes which are synthesised on a large scale. Although many purification techniques have 
been proposed, the most common protocols require long reaction times and high reactive 
species, which damage the structure of the tubes.  
 
Microwave irradiation has been applied to the purification of carbon nanotubes with the aim 
of avoiding these conditions. One of the first demonstrations of microwave-assisted single-
walled carbon nanotube purification was published by our research group,25 based on the 
treatment of raw nanotubes in a microwave domestic oven, in air in the absence of a solvent. 
This method permitted a considerable reduction in the iron content of the sample. The 
purification was attributed to the generation of high localised temperatures in which the 
selective burning of the metal impurities occurs. 
 
Moreover, the efficiency of SWNT heating under microwave radiation could enhance the 
quality of SWNTs. The defective and damaged SWNTs may thus be supplied with sufficient 
energy to reorient any “defective” sp3 carbon bonds into sp2 hybridisation, in a quick and 
inexpensive anneling protocol.26 Lin et al.27 have developed an ultrafast microwave annealing 
process that can be used to reduce the defect density in vertically aligned carbon nanotubes. The 
as-annealed carbon nanotubes improve dramatically as regards thermal stability, mechanical 
properties, and electrical conductivity.  
 
These findings have also been applied to another interesting field: the preparation of 
graphene. The lack of a reliable large-scale production method is the main problem in the 
development of graphene applications. One possible approach for high volume production is the 
reduction of exfoliated graphene oxide by means of reducing agents. However, the graphene 
sheets prepared using the oxidation method usually have significant levels of defects, and even 
after chemical reduction their electronics properties differ from those of graphene. Microwave 
irradiation can reduce graphene oxide to graphene rapidly, and without the need for any 
reducing agents. The response of graphene oxide depends, to a great extent, on its structure. 
Although graphene is an excellent microwave absorbent, the increase in oxygen in the graphene 
oxide structure decreases its ability to absorb the radiation. The unoxidized graphitic regions in 
GO thus act as the microwave absorbent, causing a local heating and initiating an avalanche-like 
deoxygenation reactions when microwave irradiation is used to achieve the synthesis of 
graphene. (Figure 8).28 
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Figure 8. Illustration of the graphene-triggered process: microwave absorption by graphene from thermal 




1.2.2. Covalent functionalisation of carbon nanostructures 
 
One of the most powerful approaches used to improve the handling of carbon nanostructures 
is that of covalent functionalisation. As has previously been described, a wide variety of 
reactions that allow the construction of new materials with diverse applications have been 
reported. However, most of them need refluxing and a sonication condition over long reaction 
times, which makes these protocols unsuitable for large scale application. One attractive 
approach that can be used to both solve these problems and increase the number of groups 
covalently linked to the surface, consists of using microwave irradiation to activate the 
nanostructure reactivity. 
 
Since the first application of microwave irradiation in the preparation of functionalised C60, 
described by Langa and collaborators, using an o-quinodimethane generated in situ,29 various 
approaches have been described in which this technique has been used for the covalent 
attachment of several organic groups or simply for the chemical modification of the carbon 
nanostructures, as recently reviewed.30 
 
In general, microwave irradiation reduces the reaction times and gives rise to derivatives 
with higher degrees of functionalisation and higher yields than those obtained using 
conventional thermal methods. The reaction conditions applied under microwaves have, in most 
cases, been similar to those used in classical heating, but the key point here is that this 
methodology allows the use of solvent free modifications. In the absence of solvents, carbon 
nanostructures directly absorb the radiation and it is possible to take full advantage of the strong 
microwave absorption typical of these structures. Very high temperatures are therefore obtained 
in a few seconds, thus providing extremely time efficient reactions. The combination of 
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microwave irradiation and solvent free procedures constitutes an approach towards green 
protocols and large-scale functionalisation. 
 
Our group has therefore shown that solvent free techniques combined with microwave 
irradiation and the used of 1,3-dipolar cycloaddition produce functionalised nanotubes in a 
reaction time of just 1 hour.31 This procedure allows time reduction in comparison with 
conventional heating, during which a similar functionalisation take place in 5 days. We have 
also described a strategy that can be used to produce multi-functionalised carbon nanotubes by 
employing a combination of the 1,3-dipolar cycloaddition of azomethineylides and the addition 
of diazonium salts, both via the microwave-induced method (Figure 9).32 The addition of 
diazonium salts can also be performed using microwaves, with similar results to the classical 
conditions reported by Tour et al.15 The doubly functionalised SWNTs can be considered as 
potentially useful for many interesting applications. Their versatile characteristics allow the 
multiple functionalisation to be performed using derivatives, which contain orthogonally 
protected amino moieties that can be selectively deprotected and subsequently modified in order 
to cleave several groups for specific applications.33  
 
 
Figure 9. Multiple functionalisation of carbon nanotubes with 1,3-dipolar cycloaddition in solvent free 
conditions and an arene radical addition in water under microwave irradiation.32 
 
 
The rapid and local heating of microwave absorbing carbon-based substrates in solvent free 
conditions have been shown to be very effective for the rapid decomposition of metal salts, 
resulting in the instantaneous formation of metal and metal oxide nanoparticles on the substrate 
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surfaces within seconds of microwave exposure. The methodology has proved to be widely 
applicable to various metal salts with different substrates, including SWNTs, MWNTs, 
graphene and expanded graphite, producing high yields of substrate-supported metal 
nanoparticles, such as those of Ag, Au, Co, Ni, Pd, Pt or metal oxide (Fe3O4, MnO, TiO2).34 
 
Economopoulos et al.35 have, in recent years, employed microwave irradiation for the 
covalent modification of graphene with the Bingel reaction (Figure 10). The resulting hybrid 
materials, which possess cyclopropaned malonate units that are covalently grafted onto the 
graphene sheet, formed suspensions in a variety of organic solvents that remained stable for 
several days.  
 
 




In this context, a different research work has reported a simple and rapid synthetic approach 
based on microwave assisted silanisation protocol which is used to attach π-conjugated 
oligomers onto the surface of graphene oxide sheets.36 This method allowed graphene oxide 
functionalisation to be performed in one step, under mild conditions in a short reaction time, in 
order to obtain a new graphene oxide hybrid that is a useful material in electronics, sensors and 
biological applications.  
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Figure 11. Scheme of the one step functionalisation approach. The oligothiophene molecules are tethered 
by Si–O bonds, carboxylic groups (blue), carbonyl groups (green).36 
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2. Aim of the work 
 
The following research was orientated towards employing the scalable procedure needed to 
produce the few-layer graphene described in Chapter 2, in order to obtain concentrated water or 
DMF graphene dispersions, which were functionalised by using covalent approaches such as 
1,3-dipolar cycloadditions and radical reactions. These approaches have proved to be a powerful 
means to solubilise and functionalise carbon nanostructures.  
 
We have used microwave irradiation in order to obtain an efficient covalent functionalisation 
of graphene, with short reaction times in comparison to those of classical conditions. Both 
functionalisation methods allow the preparation of graphene derivatives with many 
functionalities. The methodology provides multiple sites for the attachment of bioactive 
molecules or for the interaction with different polymers, thus permitting the use of these new 
materials in several applications. 
 
Finally, we have analysed the role of microwaves in these reactions. We have studied 
graphene dispersions in different solvents and the selective interaction of microwaves with the 
pi−pi conjugated structure in these materials. The efficiency of graphene heating under 
microwave radiation has been evaluated as an extra advantage to enhance the quality of the 
graphene dispersions, as a means to supply sufficient energy to reorient any “defective” sp3 
carbon bond into sp2 hybridisation.  
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3. Results and discussion 
 
Graphite was first exfoliated via interactions with melamine (2,4,6-triamine-1,3,5-triazine) 
by using the ball-milling treatment in solvent free conditions. We have used the ball-milling 
parameters and graphite/exfoliation agent ratio described in Chapter 2. We used the conditions 
for sample 5 (Chapter 2), as the best conditions for the preparation of large quantities of 
graphene with low concentration of defects. 7.5 mg of graphite and 0.16 mmol of melamine 
were thus ball-milled at 100 rpm for 30 minutes in an air atmosphere. Once graphite had been 
exfoliated, we removed melamine by filtration and the resulting materials were dispersed in 
fresh water and DMF.  
 
3.1. 1,3-Dipolar cycloadditions of graphene 
 
We explored the efficiency of microwave irradiation as regards activating the covalent 
functionalisation of graphene. Microwave conditions were compared to the previously described 
classical strategies in the presence of highly contaminating solvents and under harsh conditions 
during long reaction times.  
 
In a first approach, graphene was functionalised by means of 1,3-dipolar cycloaddition using 
sarcosine 1 and 3,5-dihydroxybenzaldehyde 2 in DMF, and with the classical heating protocol 
(CH) or under microwave irradiation (MW) (Scheme 1). When using classical heating, the 
reaction proceeded for 5 days under DMF reflux, while the aminoacid 1 and the aldehyde 2 
were added portion wise every 24 hours, following the procedure previously described for 
carbon nanotube fuctionalisation.10 The reaction under microwave irradiation was carried out in 
a CEM focused microwave reactor at 110 ºC at 60 W for 90 minutes. In both cases, after 
reaction the functionalised graphene (f-graphene) 3 was washed by filtration over a Millipore 
membrane (fluoropore 0.45 µm) with DMF, ethanol and dichloromethane and redispersed in 






















Scheme 1. Schematic illustration for the functionalisation of graphene using classical heating  
(f-graphene 3CH) and under microwave irradiation (f-graphene 3MW). 
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The characterisation of the reaction products was performed using different spectroscopic 
and microscopic techniques. The amount of organic groups in the f-graphene was determined 
with the use of thermogravimetric analysis. Both functionalisation processes lead to an increase 
in the TGA loss observed, in comparison to the pristine graphene, which confirms the success of 
the functionalisation. The thermograms of f-graphene 3, shown in Figure 12, undergo a weight 
loss of 16% for graphene functionalised using classical heating (f-graphene 3CH), indicating 
one functional group every 72 carbon atoms of the graphene, in comparison to f-graphene 
prepared under microwave irradiation (f-graphene 3MW), which undergoes a weight loss of 
15%, corresponding to one functional group every 90 carbon atoms of the graphene. Although, 
a similar degree of functionalisation was obtained with both heating approaches, it is interesting 
to note that for the functionalisation carried out under microwave conditions the loss of weight 
takes place at a higher temperature than that of f-graphene 3CH. This observation supports the 
reported effect of microwave irradiation, which both promotes functionalisation and removes 
some initially present defects. Microwave conditions also allowed the reaction time to be 
reduced from 5 days to 90 minutes. 
 
 
Figure 12. TGA analysis of the graphene prepared by ball-milling approach (starting material), f-
graphene 3CH and 3MW. 
 
 
Raman spectroscopy was also used for the characterisation of f-graphene 3 (Figure 13a). As 
has been described in Chapter 2, the Raman spectra of graphene prepared using the ball-milling 
process has a symmetric 2D band that is different to the asymmetric 2D band of graphite. In 
addition, prepared graphene has a low intensity D band owing to the low concentration of 
defects created during the ball-milling treatment. This confirms, the high quality of graphene, 
which was starting material for covalent functionalisation.  
 
 Microwave-assisted Chemistry for Graphene Modification Chapter 4.
 130 
The Raman spectrum of f-graphene 3 retains a symmetric 2D band at 2700 cm-1 for both 
heating treatments. A clear difference can be observed between f-graphene 3CH and f-graphene 
3MW. The spectrum of f-graphene 3CH exhibits an increased intensity of the disorder D band 
at 1350 cm-1 owing to the amount of defects. The intensity is related to the fact that the carbon 
atoms change from the sp2 to the sp3 hybridisation state as a result of the covalent organic 
functionalisation. However, the intensity of this band is lower for graphene functionalised using 
microwave irradiation (f-graphene 3MW) in comparison with the same graphene functionalised 
under classical heating (f-graphene 3CH).  
 
The intensity ratio between the G and D band has been used to quantify the density of 
defects in graphene (Figure 13b).37 These results are in agreement with those observed with the 
use of TGA, when we obtained similar degree of organic functionalisation but a higher stability 
of the graphene derivatives prepared under microwave irradiation.28 The low intensity of the D 
band for f-graphene 3MW could therefore be explained by the microwave interaction with 
graphene, which decreased the concentration of defects creating during the milling treatment.  
 
 
Figure 13. (a) Raman spectra of graphite, graphene prepared using ball-milling approach (starting 
material) and f-graphene 3CH and 3MW. (b) Statistical representation of intensity ratios between D and 
G band in Raman spectra of graphene (starting material) and f-graphene 3CH and 3MW. Dots represent 
data measurements from different locations in the sample and whiskers are standard deviations. 
 
 
The Transmission Electron Microscopy photos make it possible to see large flakes of 
graphene (Figure 14). These results confirm that the graphene sheets maintain their structure 
after covalent functionalisation, and the functional groups that are present on the surface avoid 
the pi-pi stacking and prevent the reaggregation of graphene sheets to graphite. 
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Figure 14. TEM images of (a) graphene prepared using ball-milling approach (starting material) and (b) 
f-graphene 3CH and (c) 3MW  
 
 
In order to study the versatility of this reaction so as to produce functionalised graphene 
with different organic groups, in a subsequent step, graphene was functionalised by means of 
1,3-dipolar cycloaddition using a different α-aminoacid (1, 4) and the aldehyde 5, in DMF as 






























Scheme 2. Schematic illustration for the functionalisation of graphene under microwave irradiation (MW) 
by 1,3-dipolar cycloaddition (f-graphene 6). 
 
 
Aminoacid 4 was synthesised following the procedure shown in literature38 (Scheme 3) and 
employed in the cycloaddition to produce f-graphene 6b with an amino group protected as 
phthalimide. This protecting group is useful as it is highly stable under harsh acidic conditions 
but is easily removed under mild basic conditions. 
 




































































Scheme 3. Schematic illustration for the synthesis of (2-(2-(2-(1,3-dioxo-1,3-dihydro-isoindol-2-yl)-
ethoxy)-ethoxy)-ethylamino)-acetic acid (4). 
 
 
The amount of organic groups in the functionalised graphene was determined using 
thermogravimetric analysis. The thermograms of f-graphene 6, reported in Figure 15, undergo a 
weight loss of 28% as regards graphene functionalised with α-aminoacid 1 (f-graphene 6a), 
indicating one functional group every 41 carbon atoms of the graphene sheet, in comparison to 
graphene functionalised with α-aminoacid 4 (f-graphene 6b), which undergoes a weight loss of 
12%, corresponding to one functional group every 269 carbon atoms of the graphene. 
 
 
Figure 15. TGA analysis of the graphene prepared using ball-milling approach (starting material),  
 f-graphene 6a and f-graphene 6b. 
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The Raman spectra of f-graphene 6a-b (Figure 16) retain a symmetric 2D band at 2700 cm-1. 
The D band at 1350 cm-1 exhibits an increased intensity in the spectrum of functionalised 
graphene with α-aminoacid 1 (f-graphene 6a) in comparison to graphene functionalised with α-
aminoacid 4 (f-graphene 6b), in agreement with the results observed when using TGA. 
However, the spectrum of f-graphene 6a-b exhibits a lower intensity of the D band in 
comparison to graphene (starting material). The low intensity of the D band for f-graphene 6 
was similarly explained by the graphene-microwave interactions, which decreased the 
concentration of defects created during the milling treatment. 
 
 




3.2. Radical addition of graphene 
 
Diazonium salt chemistry is another well-known method for the functionalisation of 
graphene.39 On the basis of our experience with nanotubes chemistry using microwave 
irradiation, graphene samples in water were subjected to aryl radical addition.32 This method 
provides a good opportunity to study the microwave functionalisation of graphene in water. 
 
Graphene and different aniline derivatives (14a-b) were dispersed in water placed in a 
microwave-proof glass vessel. After being sonicated for a few minutes, isoamyl nitrite (15) was 
added and a condenser was connected to the flask. The mixture was irradiated for 90 min at 80 
ºC in the microwave reactor (Scheme 4). When the heating had finished, the f-graphene 16a-b 
was washed by filtration over a Millipore membrane (fluoropore 0.45 µm) with methanol and 
dichloromethane, and redispersed in fresh water (20 ml).  


























Scheme 4. Schematic illustration for the functionalisation of graphene under microwave irradiation (MW) 
using radical addition (f-graphene 16). 
 
 
Aniline derivatives (14a-b) have a protected amino group that is removable in acidic 
conditions, as opposed to the phthalimido group of 4 employed by 1,3-dipolar cycloaddition, 
which is highly stable under harsh acidic conditions but is easily removed under mild basis 
conditions. Scheme 5 shows the synthesis of aniline 14b derivative following the procedure 
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The thermograms of graphene and f-graphene 16a-b are shown in Figure 17. We observed a 
weight loss of 29% as regards graphene functionalised with aniline 14a (f-graphene 16a), 
indicating one functional group every 42 carbon atoms of the graphene, in comparison to 
graphene functionalised with aniline 14b (f-graphene 16b), which had a weight loss of 25%, 
corresponding to one functional group every 70 carbon atoms of the graphene. 
 
It will also be noted that in both cases, the loss of weight consists of different events, the first 
of which is the loss of the Boc protecting group, followed by the degradation of the remaining 
organic fragment. Similar behaviour has already been described for other carbon 
nanostructures.42,43  
 
These values reveal that this reaction leads to a higher number of functionalities relative to 
the 1,3-dipolar cycloaddition, in agreement with previous results with carbon nanotubes.44 The 
1,3-dipolar cycloaddition only has certain selectivity for the more reactive positions, while the 
arene radical addition appears to be less selective and could also take place on the less reactive 
points of the graphene surface. 
  
 
 Figure 17. TGA analysis of the graphene prepared by ball-milling approach (starting material),  
f-graphene 16a-b.  
 
 
Figure 18 shows the representative Raman spectra of these compounds in which there is an 
increase in the D-band of f-graphene 16a-b relative to that of starting graphene, which supports 
further functionalisation after the radical addition. It would thus appear that in this case, 
microwave conditions did not lead to a decrease in the amount of defects. This may be 
attributed to the use of water as solvent. Water can efficiently convert microwave irradiation, 
and this environment could affect the microwave absorption of graphene. This has also been 
observed by carbon nanotubes.33 
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The Transmission Electron Microscopy photos make it possible to see large flakes of 
graphene that form wrinkles (Figure 19). These results confirm that the graphene sheets 
maintain their structure and the functional groups that are present on the surface after reaction 
avoid the pi-pi stacking and prevent the reaggregation of graphene sheets to graphite. 
 
 




In a subsequent step, both reactions can be performed in series, which will make possible the 
preparation of doubly covalently functionalised graphene. The materials will contain different 
orthogonally protected amino groups that can be selectively deprotected and subsequently 
modified with different moieties. This methodology opens the way to obtain a wide variety of 
derivatives with specific applications. 
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3.3. Graphene-microwave interactions 
 
In order to better elucidate whether our microwave conditions were producing a decrease in 
defects, graphene was subjected to microwave heating under the same conditions and time as 
those used for the preparation of graphene functionalised by means of 1,3-dipolar cycloaddition 
in DMF and radical addition in water. 
 
We first studied the evolution of the intensity ratio, ID/IG between the G and the D band, 
which has been used to provide a method with which to quantify the density of defects in 
monolayer and few-layer graphenes.
37
 The ID/IG ratio for samples in DMF and water are very 
similar owing to the fact that the milling treatment was the same in each sample and we only 
modified the solvent in which the graphene sheets were stabilised (Figure 20). However, lower 
intensities of the D band were observed after microwave treatment in DMF in comparison to the 




Figure 20. Statistical representation of intensity ratios between D and G band in Raman spectra of 
graphene before (graphene) and after microwave treatment (MW) in DMF and water. Dots represent 
data measurements from different locations in the sample and whiskers are standard deviations. 
 
 
Raman spectroscopy has also been used to calculate the in-plane crystallite size (La),45 which 
describes the amount of border with regard to the total crystallite area and the distance between 
defects in the sp2 lattice LD.46 Table 1 clearly shows higher values for graphene in DMF after the 
microwave treatment, while the same results are observed for graphene in water, in agreement 
with the previously observed results. 
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Table 1. In-plane crystallite sizes (La) and the distance between defects in the sp2 lattice (LD) 





These are preliminary results which merely confirmed the same behaviour of the graphene 
samples when treated, under the same conditions, without the reactants needed to carry out the 
organic functionalisation. It would thus appear to be clear that the decrease in the intensity of 
the D band is not the result of the 1,3-dipolar cycloaddition functionalisation, but may rather be 
a consequence of the microwave interaction with graphene, which decreases the concentration 
of defects created during the milling treatment.  
 
More experiments using solvents with different abilities to absorb energy in a microwave 
process, or also in their absence, are needed. Different temperatures and powers of microwave 
irradiation can be used to elucidate the interaction of microwave irradiation with graphene and 
corroborate the hypothesis that these treatments can assist in an annealing procedure, in 
agreement with previous results observed with graphene oxide under microwave treatment.28 
This methodology may provide a new means to produce high quality graphene with simple and 
environmentally friendly processes, without using reductant agents. 
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The milling treatments were carried out in a Retsch PM100 Planetary Mill in an air 
atmosphere at 100 rpm for 30 minutes. The microwave functionalisation was carried out in a 
CEM DISCOVER S-Class reactor, with infrared pyrometer, pressure control system and stirring 
option.  
 
The thermogravimetric analyses are performed with a TGA Q50 (TA Instruments) at 10 
ºC/min in a nitrogen atmosphere. Raman spectra were recorded with an Invia Renishaw 
microspectrometer equipped with a He–Ne laser. Raman samples were prepared drop casting 
onto silicon surfaces (Si-Mat silicon wafers, CZ). The TEM analyses were carried out by 
placing the graphene samples on a copper grid (3.00 mm, 200 mesh, coated with carbon film) 
and drying them under vacuum. The samples were investigated using a TEM Philips EM 208, 
with an accelerating voltage of 100 kV.  
 
 
4.2.  Synthesis of samples 
 
4.2.1. Synthesis of (2-(2-(2-(1,3-Dioxo-1,3-dihydro-isoindol-2-yl)-ethoxy)-
ethoxy)-ethylamino)-acetic acid (4) 38 
 












A solution of di-tert-butyl dicarbonate (Boc2O) (7 g, 32 mmol) in tetrahydrofuran (100 ml) 
was added to a solution of 2,2’-(ethylene-dioxy)-bis(ethylamine) (7) (15 g, 102 mmol) in 
tetrahydrofuran (400 ml), dropwise over a period of 3 hours. The reaction mixture was stirred 
overnight at room temperature. The solvent was removed under reduced pressure and the 
residue dissolved in ethyl acetate (150 ml), washed with water (2×100 ml), dried over 
magnesium sulphate, and the solvent was then evaporated. The unreacted diamine was removed 
by using flash chromatography in ethyl acetate:hexane 8:2 and ethyl acetate:methanol 7:3 
afterwards. Yield: 4.9 g (60%). 1H NMR (CDCl3, ppm): δ 1.4 (s, 9 H, 3CH3), 1.7 (s, 2 H, NH2), 
2.7-3.4 (m, 12 H, -CH2-), 5.1 (s, 1 H, NH). 13C NMR (CDCl3, ppm): δ 28.3, 40.2, 41.5, 70.0, 
73.1, 78.8, 155.9. 
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 Synthesis of (2-{2-[2-(1,3-Dioxo-1,3-dihydro-isoindol-2-yl)-ethoxy]-ethoxy}-ethyl)-














A solution of {2-[2-(2-benzyloxycarbonylamino-ethoxy)-ethoxy]-ethyl}-carbamic acid tert- 
butyl ester 8 and mono-methyl phthalate (9) (2.5 g, 14 mmol) in toluene (70 ml) was refluxed 
using a Dean–Stark apparatus for 16 hours. The solvent was removed under reduced pressure, 
and the residue was dissolved in ethyl acetate (150 ml) and washed with sodium carbonate 1N 
(75 ml), saturated sodium bicarbonate water (75 ml) and water (75 ml). The organic phase was 
dried over magnesium sulphate and the solvent was evaporated. The product was obtained as an 
oil and used without further purifications. Yield: 3.6 g (69%). 1H NMR (CDCl3, ppm): δ 1.4 (s, 
9 H, 3CH3), 3.2-3.9 (m, 12 H, -CH2-), 5.1 (s, 1 H, NH), 7.7 (d, J = 8.5 Hz, 2 H, H o-), 7.8 (d, 2 
H, J = 8.4 Hz, H o-).13C NMR (CDCl3, ppm): δ 27.3, 36.1, 39.2, 59.0, 66.7, 68.8, 69.0, 77.4, 
122.0, 130.9, 132.9, 154.9, 166.8. 
 




A solution of trifluoroacetic acid/dichloromethane (1:1 v/v) was added to the derivative 10 
(3.6 g, 10 mmol). The reaction mixture was stirred at room temperature for 30 min. The solvent 
was removed under reduced pressure and the residue was precipitated several times from 
dichloromethane / diethyl ether. Yield: 2.9 g (83%). 1H NMR (CDCl3, ppm): δ 3.2-3.9 (m, 12 H, 
-CH2-), 7.7 (d, J = 8.4 Hz, 2 H, H o-), 7.8 (d, J = 8.5 Hz, 2 H, H m-). 13C NMR (CDCl3, ppm): δ 
37.3, 39.7, 68.5, 68.2, 69.6, 70.1, 118.6, 123.4, 131.9, 134.2, 161.9, 168.6. 
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 Synthesis of (2-{2-[2-(1,3-Dioxo-1,3-dihydro-isoindol-2-yl)-ethoxy]-ethoxy}ethylamino)-














Benzylbromoacetate (12) (1.5 ml, 10 mmol) in tetrahydrofuran (30 ml) was added to a 
solution of compound 11 (2.9 g, 12 mmol) and triethylamine (9.8 ml, 60.5 mmol) in 
tetrahydrofuran (40 ml) cooled to 0 °C, dropwise over a period of 1.5 hours. The reaction 
mixture was stirred overnight at room temperature. The solvent was removed under reduced 
pressure, and the residue was dissolved in ethyl acetate (150 ml), washed with water (2×100 
ml), dried over magnesium sulphate and evaporated. The final product was purified by using 
chromatography in ethyl acetate. Yield: 1.5 g (37%). 1H NMR (CDCl3, ppm): δ 2.1 (s, 1 H, 
NH), 2.7-3.9 (m, 14 H, -CH2-), 4.9 (s, 2 H, CO-CH2-CO), 7.2 (s, 5 H, HAr), 7.5 (d, J = 8.5 Hz, 2 
H, H o-), 7.6 (d, 2H, J = 8.4 Hz, H m-). 13C NMR (CDCl3, ppm): δ 37.1, 48.5, 50.7, 60.1, 67.7, 
69.9, 70.1, 70.5, 123.0, 128.1, 128.4, 132.0, 133.8, 135.7, 167.9, 171.9. 
 
 Synthesis of (2-{2-[2-(1,3-Dioxo-1,3-dihydro-isoindol-2-yl)-ethoxy]-ethoxy}-ethylamino)-













50 mg of Pd/C (10%) were added to a solution of compound 13 (3.2 g, 7 mmol) in methanol 
(100 ml), in the presence of H2. The reaction mixture was stirred for 5 hours at room 
temperature. The solution was filtered through a celite pad and the solvent was evaporated 
under reduced pressure. Yield: 2.2 g (70%). 1H NMR (CD3OD, ppm): δ 3.1 (s, 1 H, NH), 3.2-
3.9 (m, 14 H, -CH2-), 7.5 (d, J = 8.5 Hz, 2 H, H o-), 7.7 (d, J = 8.4 Hz, 2H, H m-), 10.6 (s, 1 H, 
OH-). 13C NMR (CD3OD, ppm): δ 37.0, 46.9, 47.3, 65.6, 67.7, 69.8, 70.0, 122.8, 131.9, 134.0, 
168.4. 
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4.2.2. Synthesis of tert-butyl 6-(4-minophenoxy)hexylcarbamate (14b)  
 




6-Aminohexanol (5.8 g, 50 mmol) was dissolved in 100 mL of tetrahydrofuran, and di-tert-
butyl-dicarboxylate (11 g, 50 mmol) in methanol (100 ml) was added. The solution was allowed 
to stir at room temperature for 3 h. The solvent was removed under reduced pressure, and the 
residue was dissolved in ethyl acetate (150 ml), washed with water (2×100 ml), dried over 
magnesium sulphate and evaporated. The final product was purified by using cromathography 
in ethyl acetate. Yield: 8.5 g (79%) 1H NMR (CDCl3, ppm) δ: 1.3 (m, 4H, -CH2-), 1.4 (s, 9H, (CH3-
)3), 1.5 (q, 2H, J = 7 Hz, -CH2-), 1.6 (q, 2H, J = 7 Hz, -CH2-), 2.1 (s, 1H, OH), 3.1 (c, 2H, J = 7 Hz, -CH2-
), 3.6 (t, 2H, J = 7 Hz, -CH2-), 4.7 (s, 1H, Boc-NH). 13C NMR (CDCl3, ppm): δ 25.4, 26.5, 28.6, 30.2, 
32.7, 40.5, 62.7, 79.2, 156.3. 
 













A solution of compound 18 (8.5 g, 39 mmol) in dichloromethane (70 ml) was added to a 
solution of p-toluenesulfonyl chloride 19 (8.2 g, 43 mmol) and pyridine (10 ml, 117 mmol). The 
mixture was stirred for 20 h at room temperature. The reaction mixture was diluted with 
dichloromethane (40 ml), washed with water (100 ml), 0.5N chloride acid (75 ml) and saturated 
sodium bicarbonate water (75 ml), dried over anhydrous sodium sulfate and evaporated. Yield: 
(11.9 g, 82%). 1H NMR (CDCl3, ppm) δ: 1.4 (s, 9H, 3CH3), 1.2-1.7 (m, 8H, J = 6.5 Hz, (CH2)4-
CH2-OTs), 2.4 (s, 3H, Ar-CH3-), 3.1 (m, 2H, -CH2-Boc), 3.9 (t, J = 6.4 Hz, 2H, TosO-CH2-), 4.6 
(s, 1H, NH), 7.2-7.8 (d, J = 8.9 Hz, 4H, HAr). 13C NMR (CDCl3, ppm) δ: 21.5, 22.5, 25.0, 28.3, 
29.7, 40.2, 52.2, 78.9, 127.7, 129.72 133.0, 144.6, 155.9. 
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Potassium carbonate (13.3 g, 96 mmol) and 4-nitrophenol (21) (4.3 g, 31 mmol) were added 
to an N,N’-dimethylformamide solution of 20 (11.9 g, 32 mmol in 60 ml). The solution was 
stirred at 80 ºC for 16 h. After cooling to room temperature, the solution was poured into water 
(20 ml), extracted several times with ethyl acetate (20 ml) and dried over magnesium sulphate. 
Once filtered, the solvent was removed by distillation at reduced pressure. Yield: 10.1 g (96%). 
1H NMR (CDCl3, ppm): δ 1.2–1.6 (m, 15 H), 1.8-2 (m, 2 H, -CH2-CH2-O), 3-3.2 (m, 2H, NH-
CH2-), 4.1 (t, J = 6.6 Hz, 2H, -CH2-O-), 4.6 (s, 1H, NH), 6,9 (d, J = 9.5 Hz, 2H, 2x H m-NO2), 
8.2 (d, J = 9.2 Hz, 2H, 2x H o- NO2). 13C NMR (CDCl3, ppm): δ 25.9, 26.7, 28.7, 29.1, 30.3, 
31.2, 69.0, 114.6, 126.2, 140.9, 164.4.  
 











Hydrazine monohydrate (18.4 ml, 0.6 mol) and a catalytic amount of 10% Pd/C were added 
to an ethanol solution of 22 (10.1 g, 30 mmol in 50 ml). The mixture was stirred under reflux 
for 5 h. The catalyst was removed by filtration through celite, and the solvent was evaporated at 
reduced pressure. Yield: 7.2 g (70%).1H NMR (CDCl3, ppm): δ 1.2-1.3 (m, 2 H, CH2), 1.4–1.5 
(m, 13 H), 1.7-1.8 (m, 2 H, -CH2-CH2-O), 3.1-3.3 (m, 2 H, NH-CH2-), 3.9 (t, J = 6.2 Hz, 2H, -
CH2-O-), 4.5 (bs, 1 H, NH ), 6.6 (d, J = 8.8 Hz, 2 H, 2x H m-NH2), 6.7 (d, J = 9.2 Hz, 2 H, 2x H 
o- NH2). 13C NMR (CDCl3, ppm): δ 25.9, 26.7, 28.7, 29.1, 30.3, 31.2, 69.0, 115.7, 116.4, 139.9, 
152.3. 
 
4.2.3. Synthesis of f-graphene 3CH 
 
The aminoacid 1 (75 mg, 0.84 mmol) and the aldehyde 2 (75 mg, 0.54 mmol) were added 
portion wise to 19 mg every 24 h for 5 days in 15 mg of graphene in DMF (20 ml), and the 
reaction mixture was heated at reflux of DMF for 5 days. After being cooled to room 
temperature, the f-graphene 3CH was washed by filtration over a Millipore membrane 
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(fluoropore 0.45 µm) with DMF, ethanol and dichloromethane and redispersed in fresh DMF 
(20 ml).  
 
4.2.4. Synthesis of f-graphene 3MW 
 
The aminoacid 1 (75 mg, 0.84 mmol) and the aldehyde 2 (116 mg, 0.84 mmol) were added 
to 15 mg of graphene in DMF (20 ml), and after being sonicated for 5 min in a microwave-proof 
glass vessel, a condenser was added. The reaction mixture was irradiated for 90 min at 115 ºC 
and 60 W. After cooling at room temperature, the f-graphene 3CH was washed by filtration 
over a Millipore membrane (fluoropore 0.45 µm) with DMF, ethanol and dichloromethane, and 
redispersed in fresh DMF (20 ml). 
 
4.2.5. Synthesis of f-graphene 6a 
 
The aminoacid 1 (75 mg, 0.84 mmol) and the aldehyde 5 (140 mg, 0.84 mmol) were added 
to 15 mg of graphene in DMF (20 ml), after being sonicated for 5 min in a microwave-proof 
glass vessel, a condenser was added. The reaction mixture was irradiated for 90 min at 115 ºC 
and 60 W. After cooling at room temperature, the f-graphene 6a was washed by filtration over a 
Millipore membrane (fluoropore 0.45 µm) with DMF, ethanol and dicholoromethane, and 
redispersed in fresh DMF (20 ml). 
 
4.2.6. Synthesis of f-graphene 6b 
 
The aminoacid 4 (151 mg, 0.45 mmol) and the aldehyde 5 (75 mg, 0.45 mmol) were added 
to 15 mg of graphene in DMF (20 ml), after being sonicated for 5 min in a microwave-proof 
glass vessel, a conderser was added. The reaction mixture was irradiated for 90 min at 115 ºC 
and 60 W. After cooling at room temperature, the f-graphene 6b was washed by filtration over a 
Millipore membrane (fluoropore 0.45 µm) with DMF, ethanol and dichloromethane, and 
redispersed in fresh DMF (20 ml). 
 
4.2.7. Synthesis of f-graphene 16a 
 
The aniline 14a (0.8 g, 3.7 mmol) was added to 15 mg of graphene in water (20 ml), after 
being sonicated for 5 min in a microwave-proof glass vessel, isoamyl nitrite (0.33 ml, 2.5 
mmol) and a condenser were added. The reaction mixture was irradiated for 90 min at 80 ºC at 
different powers (100 W for 30 min and, after adding a new aliquot of isoamyl nitrite, 30 W for 
60 min). After cooling at room temperature, the f-graphene 16a was washed by filtration over a 
Millipore membrane (fluoropore 0.45 µm) with methanol and dichloromethane, and redispersed 
in fresh water (20 ml). 
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4.2.8. Synthesis of f-graphene 16b 
 
The aniline14b (1.1 g, 3.7 mmol) was added to 15 mg of graphene in water (20 ml), after 
being sonicated for 5 min in a microwave-proof glass vessel, isoamyl nitrite (15) (0.33 ml, 2.5 
mmol) and a condenser were added. The reaction mixture was irradiated for 90 min at 80 ºC at 
different powers (100 W for 30 min and, after adding a new aliquot of isoamyl nitrite, 30 W for 
60 min). After cooling at room temperature, the f-graphene 16b was washed by filtration over a 
Millipore membrane (fluoropore 0.45 µm) with methanol and dichloromethane, and redispersed 
in fresh water (20 ml). 
 
  




We have demonstrated the use of microwave activation for the efficient functionalisation of 
graphene using two different approaches: the 1,3-dipolar cycloaddition of azomethineylides and 
the addition of diazonium salts. What is more, the microwave method allowed the 1,3-dipolar 
cycloaddition of azomethineylides to be achieved in only 90 minutes rather than 5 days, which 
are necessary for the conventional thermal conditions. 
 
Having confirmed the functionalisation of graphene under microwave irradiation, the 
combination of both approaches will make it possible to prepare doubly covalently 
functionalised graphene. The multi-functionalised graphene may be a valuable new tool owing 
to the protected amino group introduced in each reaction that can be selectively deprotected and 
subsequently modified with different moieties, thus broadening the number of derivatives that 
can be prepared for specific applications. An interesting approach could be the coupling with 
metal complexes, as a new strategy for building metallo-nanomaterials that could find potential 
applications in nanoscale electronic devices. Covalent functionalisation can also provide 
multiple sites for the attachment of bioactive molecules or for interaction with different 
polymers in order to employ these materials in biological applications. 
 
Furthermore, the functionalisation of graphene using microwave irradiation has an important 
advantage in comparison to other methods proposed. The use of the appropriate conditions 
allows the functionalisation to take place at the same time as previous defects are eliminated 
from the graphene flakes.  
 
Ball-milling techniques in combination with microwave treatments can be further explored 
for the preparation of high quality graphene dispersions, thus avoiding the need to use reducing 
agents.   
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 Chapter 5 








The development of efficient drug delivery systems is of fundamental importance as regards 
improving the pharmacological profiles of many classes of therapeutic molecules. Controlled 
drug release from various polymeric platforms has attracted a considerable amount of attention 
as an alternative to the conventional routes, which include oral administration and injections.1 
These routes permit the release of the maximum tolerable dose of drugs, but the amount of 
therapeutic agents reaching the target is often very low.2 In contrast, polymeric implants allow a 
controlled drug delivery to take place over long periods of time, thus providing an improvement 
in patients compliance and helping to achieve the targeted release of therapeutic agents with 
reduced toxic side effects.3  
 
One of the main drawbacks of using this type of polymeric implants to generate pulsatile 
drug release profiles is related to the fact that after the first stimulation the implant would have 
released the total content of the drug reservoir or it would be too damaged to respond anew.4 
The development of implantable electro-stimulated drug release devices with higher mechanical 






A number of new materials that exhibit sensitivity to visible light, near-infrared (NIR) light, 
ultrasound or magnetic and electric fields have recently been developed.5 Of these new 
materials, hydrogels are commonly defined as three-dimensional networks of hydrophilic 
polymers that are capable of absorbing significant amounts of water without dissolving or losing 
their structural integrity.6  
 
The most important parameters that define the structure of hydrogels are the polymer volume 
fraction in the swollen state, the average molecular weight between cross-links (M͞c) and the 
correlation length, also known as the network mesh size (ξ) (Figure 1).7 The polymer volume 
fraction is the amount of liquid that can be imbibed by a hydrogel matrix and is expressed as the 
ratio of the volume of polymer to the volume of the swollen gel. The average molecular weight 
between cross-links can be related to the degree of cross-linking or molecular weight of the 
repeating unit of the polymer. Finally, the network mesh size (ξ), is indicative of the distance 
between consecutive junctions or cross-links. These network parameters can be measured using 
a range of experimental techniques such as swelling studies to obtain the polymer volume 
fraction, or can be calculated by the application of network deformation theories.8 
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Figure 1. A cross-linked hydrogel structure with the mesh size ξ and the average molecular weight 
between the cross-linking points ͞Mc.7 
 
 
Hydrogels produce a programmed drug release profile that is controlled by the application of 
an impressed voltage or current.9 Their properties allow a good control of drug administration, 
since the drug can be maintained in the desired therapeutic range with just a single dose, along 
with the localised delivery of the drug to a particular organs.10  
 
Since the first synthetic route of a hydrogel, described by Wichterle and Lim in 1954,11 
hydrogel technologies have been applied to pharmaceuticals and biomedical implants,12 tissue 
engineering13 and regenerative medicines,6 cellular immobility14 and biosensor devices or drug 
carriers,15 owing to their biocompatibility and their ability to respond to external stimuli.16 The 
use of an electric field as an external stimulus provides the possibility to accurately regulating 
drug release levels according to the strength, duration and frequency of the field applied. 
Several studies have reported electro responsive hydrogel with pulsatile drug release profiles, 
demonstrated in vitro and in vivo experiments.17,18  
 
 
1.1.1. Hydrogel classification 
 
Hydrogels can be classified on the basis of the nature of the cross-linked bonding, their 
origin and their polymeric composition. 
 
If they are classified on the basis of the nature of their cross-linked bounding,19 then they 
may be chemically stable, in which case they are also known as permanent or chemical gels and 
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reversible or physical gels, which are degradable and eventually dissolved. Hydrogels are called 
permanent or chemical gels when they are covalently cross-linked networks. Chemical 
hydrogels can be generated by cross-linking water soluble polymers or by converting 
hydrophobic polymers into hydrophilic polymers plus cross-linking to form a network. Cross-
linked hydrogels reach an equilibrium swelling level in aqueous solutions, and this level 
depends principally on the cross-link density. In some cases, chemical hydrogels are not 
homogeneous. They usually have regions of low water swelling and high cross-link density, 
which denominated as clusters.20 The homogeneity depends on the solvent composition, 
temperature and the concentration of monomers during polymerisation process.13  
 
Hydrogels are called physical when combinations of weak forces such as hydrogen bonds, π-
π interactions and Van der Walls forces shoulder the weight of a huge volume of solvent by 
forming a self-assembled cross-linked network. All of these interactions are reversible and can 
be disrupted by changes in physical conditions, such as ionic strength, pH, temperature and the 
application of stress. Physical hydrogels are not homogeneous, since hydrophobic or ionic 
associated domains can create inhomogeneity. Free chain ends or chain loops also represent 
transient network defects in physical gels.21 
 
If they are classified on the basis of the nature of their origin22 then a wide and diverse range 
of polymers can be used in their fabrication. These can be classified as natural polymer, 
synthetic polymer and combinations of natural and synthetic polymers.23  
 
Finally, according to polymeric composition, these materials can be exemplified as 
homopolymeric and copolymeric hydrogels. Homopolymeric refers to a polymer network 
derived from a single species of monomer, which is a basic structural unit comprising any 
polymer network.24 Homopolymers may have a cross-linked skeletal structure depending on the 
nature of the monomer and the polymerisation technique. Copolymeric hydrogels are comprised 
of two or more different monomer species with at least one hydrophilic component, arranged in 
a random, block or alternating configuration along the chain of the polymer network.25  
 
 
1.1.2. Hydrogel properties 
 
One of the most important features of a hydrogel is its rate of swelling or de-swelling.8  
Hydrogels have the ability to sense changes in pH, temperature, electric field or the 
concentration of metabolite, and release their load as the result of such a change. A change in 
polymer solvent interactions, caused by external stimuli, is the basic step as regards inducing a 
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change in polymer conformation. These processes are, on a molecular level, accompanied by a 
volume phase transition between a swollen and a de-swollen state of the gel, thus leading to a 
change in properties of the macroscopic network (dimensions, elasticity, etc.). These 
transformations are determined by several physicochemical factors, particularly the particle size, 
porosity and the type of the porous structure.26  
 
Biocompatibility is the most important characteristic property required by the hydrogel for 
biomedical applications. Biocompatibility requires compatibility with the immune system of the 
hydrogel and the products formed as a result of its degradation, which should additionally not 
be toxic. They should be metabolised into harmless products or be excreted by the renal 
filtration process. Hydrogels generally have a good biocompatibility when in contact with body 
fluids as they do not tend to adhere for proteins and cells.27  
 
Biodegradable hydrogels containing weak bonds are therefore advantageous in applications 
such as tissue engineering, wound healing and drug delivery. These bonds can be present in 
either the polymer backbone or in the cross-links used to prepare the hydrogel and can be either 
enzymatically or chemically broken under physiological conditions, in most cases through the 
use of hydrolysis.19,28 
 
 
1.2. Poly(methacrylic acid) hydrogels (PMAA) 
 
The poly(methacrylic acid) hydrogels (PMAA) have excellent swelling properties, which 
make them promising carriers for drug controlled release owing to their sensitively in 
responding to pH and electric field stimuli.29 However, their abundant water content implies 
several disadvantages, such as insufficient mechanical properties.  
 
In this context, the conventional fillers used to enhance the electronic, mechanical and 
thermal properties of these polymer matrices are carbon-based materials.30 Luo et al.31 have 
prepared a series of nanohybrid hydrogels by means of a free radical cross-linking 
polymerisation route of methacrylic acid (MAA) in the presence of multi-walled carbon 
nanotubes. The addition of MWNTs enhances the pH response and mechanical properties, 
depending on both the ratio of MWNTs-PMAA and the cross-linker concentrations. These 
authors used Scanning Electron Microscopy (SEM) and observed higher mesh densities, while 
the pore sizes become smaller with higher carbon nanotubes and cross-linker concentrations 
(Figure 2). These hydrogels are potential candidates for specific biological applications. 
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Figure 2. SEM images of (a) PMAA/MWNTs hybrid hydrogels. MWNT contents (wt %): (b) 0.25, (c) 
0.5, (d) 1 and (e) 2, and cross-linker contents of 0.5 wt %. The contents of MWNT and cross-linker in 
image f are 0.5 and 0.25 wt %, respectively.31 
 
 
The electrical properties of carbon nanotubes combined with the electrosensitivity of the 
PMAA gel matrix, provide hybrid gels with higher sensitivity and an enhanced de-swelling of 
the gel matrix. Kostarelos et al.32 have developed an electroresponsive polymer hydrogel for 
pulsatile drug release, which contains pristine MWNTs. The addition of MWNTs improved the 
performance of the PMAA blank gel matrix and allowed the in vivo delivery of a therapeutically 
relevant drug dose in short stimulation times and with a low electrical voltage. However, the 
temperature of the devices was increased upon exposure to the electrical field (Figure 3). 
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Figure 3. MWNT-PMAA hydrogel hybrids for pulsatile drug release. (a) Preparation of the MWNT-
PMAA hydrogel hybrids: methacrylic acid (MAA), N,N’-methylene bisacrylamide (BIS) and potassium 
persulfate were used as a backbone monomer, a cross-linker and an initiator, respectively. (b) Pulsatile 
drug release upon electrical stimulation.33  
 
 
As described in previous chapters, the emergence of graphene has recently opened up an 
exciting new field in the science and technology of two-dimensional nanomaterials, and has 
attracted continuously growing interest. Graphene has unique mechanical, electrical and thermal 
properties owing to its strictly single atomic layers of sp2-bonded carbon atoms which are 
densely packed in a honeycomb crystal lattice.34  
 
In the biomedical field, the hydrophilic derivative of graphene, graphene oxide has been 
employed in the preparation of responsive polymeric implants, tissue engineering and drug 
delivery.35,36 However, covalent functionalisation of graphene oxide produces changes in 
graphene’s electrical properties by converting the planar sp2 lattice point into an sp3 lattice 
point, thus leading to a drastic reduction in graphene’s electron mobility.37  
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Ye et al.35 have added graphene oxide to polymeric matrix in order to modify the mechanical 
and thermal properties of poly(acrylic acid) hydrogels (PAA),. The original PAA hydrogels, 
which are commonly cross-linked by BIS, generally exhibit pronounced weakness and 
brittleness. When GO was added to the BIS-gel, the GO-BIS-gels become very tough and 
proved to be very strong (Figure 4). The mechanical and thermal properties of GO-BIS-gels 
vary greatly if the GO or BIS content is changed. However, the BIS-gels have a higher 
equilibrium swelling ratio and swell faster than the corresponding GO-BIS-gels. In addition, the 
de-swelling ratio decreases with the increase of GO content. The cross-linking of GO with PAA 
is the main factor involved in this phenomenon.  
 
 
Figure 4.  Photographs of BIS1-gel (a) and GO1-BIS1-gel (b).35 
 
 
The use of graphene as an additive to enhance the capabilities of responsive biomaterials is 
probably the most underexploited application of the thermal conductivity and mechanical 
resistance of this material.38 
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2. Aim of the work 
 
The exceptional properties of graphene depend on the quality of the crystal lattice. Stable 
dispersions of individual graphene sheets in convenient media with a low concentration of 
defects are essential if the material is to be fully exploited in its various application fields. In 
Chapter 2 we described a scalable and easy methodology that allows to produce stable graphene 
dispersions to be produced in water at different concentrations. In situ radical polymerisation 
was used to incorporate these materials into a three-dimensional macroporous hydrogel matrix 
in order to obtain hydrogel hybrids with improved mechanical, electrical and thermal properties. 
The introduction of graphene into the hydrogel matrix was compared to the introduction of 
MWNTs. Both graphene and MWNT hybrid hydrogels were throughly studied in order to 
improve the fabrication of electro-active scaffolds that would be capable of the remote 
controlled release of small molecules. 
 
Finally, the use of a ball-milling treatment rather than sonication was analysed in order to 
improve the graphene hydrogel’s properties as opposed to those of graphene gels prepared 
under classical conditions. 
 
This work was carried out at UCL School of Pharmacy, London, under the supervision of 
Professor Kostas Kostarelos. 
 
 
Scheme 1. Preparation scheme for graphene hydrogels hybrids from aqueous solutions of 
graphene at different concentrations. 
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3. Results and discussion   
 
3.1. Synthesis of graphene hydrogel hybrids using sonication and 
subsequently in situ radical polymerisation 
 
The preparation of graphene hydrogel hybrids at different graphene concentrations was 
carried out using in situ radical polymerisation. The method consisted of adding the monomer 
methacrylic acid (MAA) (1), cross-linker (N,N′-methylene bisacrylamide (BIS)) (2) and initiator 
(potassium persulfate (PSS)) (3) to an aqueous dispersion of graphene at different 
concentrations (0.05, 0.1 and 0.2 mg/ml). The mixtures were sonicated until complete 
dissolution and uniformity had occurred. The polymerisation was carried out at 70 °C for 20 
hours. The blank gel was prepared under the same conditions as the hybrid gels, but without the 
presence of graphene (Scheme 2).  
 
 
Scheme 2. Scheme of graphene hydrogels hybrids prepared using sonication, and subsequent in 
situ radical polymerisation of aqueous dispersions of graphene in presence of monomer, cross-
linker and initiator. 
 
 
The hybrid gels displayed homogenous morphology at the macroscopic level, suggesting that 
the graphene sheets were well dispersed in the polymeric matrix (Figure 5a). The surface 
characterisation on the swollen graphene hybrid gels was performed using a Scanning Electron 
Microscope, which confirmed a porous structure (Figure 5b-e).  
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Figure 5. (a) Pictures of graphene hydrogel hybrids at different concentrations. SEM image of a swollen 
blank hydrogel (b) and graphene hydrogel hybrid at different graphene concentrations, 0.05 mg/ml (c), 
0.1 mg/ml (d) and 0.2 mg/ml (e). 
 
 
The size of the pores was measured for all the hydrogels shown in the various SEM images 
using ImageJ software (Figure 6). The distributions of pore size confirmed a typical porous 
structure of macroporous hydrogels, with a pore size of around 300 nm.26 A significant increase 
in pore size was observed in blank gel owing to the absence of graphene.  
 
The pore size of hydrogels is an important parameter as it determines the kinetics of swelling 
and de-swelling, which is crucial for the responsiveness to the electric field. Macroporous 
hydrogels additionally display good mechanical properties which are similar to those of soft 
tissues.13 
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Figure 6. Average pore size of hybrid gels as a function of graphene concentration. 
 
 
Methacrylic acid based hydrogel hybrids were also prepared by means of graphene oxide 
rather than ball-milled graphene, using in situ radical polymerisation under the same conditions. 
Although graphene oxide has proved to have enormous potential in many biomedical 
applications and graphene oxide aqueous dispersions remain stable for longer periods of time, 
the presence of numerous defects on the graphitic structure after oxidation is thought to 
significantly decrease the electrical properties of the material.37 It was therefore interesting to 
compare the electrical sensitivity of the methacrylic acid based hydrogel matrix in the presence 
of both graphene types. 
 
Graphene oxide solutions were obtained from graphite using the modified Hummers method 
according to published procedure.39 The monomer MAA (1), cross-linker BIS (2) and initiator 
PSS (3) were added to the stable aqueous graphene oxide solution (Scheme 3). 
 
 
Scheme 3. Scheme of graphene oxide hydrogels hybrids prepared using in situ radical polymerisation of 
an aqueous dispersion of graphene oxide in presence of monomer, cross-linker and initiator. 
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The stability of the mixture was monitored over time (Figure 7a). The mixture was not 
stable, and separated into two phases after 30 min owing to possible interactions between the 
oxidation groups, present on GO sheets, and the methacrylic acid monomer. The polymerisation 
process was nonotheless initiated, and GO aggregates were observed in the resulting gels 
(Figure 7b).  
 
We can thus conclude that it would not be possible to obtain GO hybrid gels by following 
the same procedure as that used for the preparation of the ball-milled graphene hybrid gels. 
 
 
Figure 7. Graphene oxide hydrogel hybrids obtained by means of in situ radical polymerisation. (a) 
Graphene oxide aqueous suspensions over time stability in presence of the monomers and initiator (i) t=0, 
(ii) t=30 min, (iii) t=1 h, (iv) t=2 h, (v) t=4 h. (b) Graphene oxide hydrogel hybrids after in situ radical 
polymerisation (i) and pre-cut GO hybrid gels displaying significant GO aggregation (ii). 
 
 
3.2. Characterisation of graphene hydrogel hybrids 
 
A study was made of the mechanical, electrical and thermal properties of graphene hydrogels 
in order to investigate the pulsatile drug release profile upon the electrical stimulation of these 
materials. Previous systems based on conductive hydrogels or on the incorporation of 
conductive nanomaterials such as MWNTs into PMAA hydrogel matrices, developed by 
Kostarelos et al.,32 provided encouraging results as regards achieving a pulsatile drug release 
profile in vivo. In the following characterisation we therefore compared the capabilities of 
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Scheme 4. Pulsatile drug release upon ON/OFF application of a direct current (DC) electric 
field. The hybrid gel, loaded with a drug, releases its cargo in a pulsatile manner upon the 
ON/OFF application of a DC electric field through reversible de-swelling of the gel matrix 
illustrated with images of graphene hydrogel hybrids before and after electrical stimulation. 
 
 
3.2.1. Mechanical properties 
 
The swelling ratio is an important parameter since it describes the amount of water contained 
within the hydrogel at equilibrium. It is a function of the network structure, cross-linking ratio 
and degree of ionization of the functional groups. The swelling properties of the hybrid gels 
were monitored over time (Figure 8a) by immersing the dry gels in a HEPES buffer at pH 7.4 
for 3 days at room temperature, after which time the weight of the gels was found to be 
constant.  
 
The final swelling degree Ds,F (Figure 8b), i.e., the point at which the gels were saturated, 






     [1] 
where Wt is the weight of the gels at time t and W0 is the weight of the dry gels at time 0. Ds,F 
was the final swelling degree after three days, when the weight of the gels was found to be 
constant. The final swelling degree was found to be around 30 for graphene hybrid gels, while it 
was only 25 for the blank gel at the same immersion time. Graphene hydrogel hybrids also 
displayed higher final swelling degree than the MWNT hydrogel hybrids in the same 
concentration of MWNTs. This enhanced final swelling degree suggested that the graphene 
hydrogel hybrids possessed higher mechanical capabilities than the MWNT hydrogel hybrids in 
terms of flexibility.  
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Figure 8. (a) Swelling degree profile over time of graphene gels in HEPES buffer at pH 7.4 (b) The final 
swelling degree (Ds,F) of MWNT and graphene hydrogels. 
 
 
3.2.2. Electrical properties 
 
Hybrid gel response to a direct current (DC) electrical field at 10 V was then studied by 
monitoring water loss from the gel matrix as a result of gel de-swelling (Figure 9). The de-
swelling of the graphene hybrid gels was compared to that of MWNT hybrid gels prepared in 
the same MWNT concentrations. In both cases, there was an improvement in the release 
performance of the gels as the concentration of MWNT and graphene increased from 0 to 0.2 
mg/ml. The graphene hydrogels outperformed those containing MWNT hydrogels in terms of 
de-swelling and water release. In particular, as regards the gel at the highest graphene 
concentration (0.2 mg/ml), a 20-25% water release enhancement was obtained in comparison to 
its MWNT counterpart. The incorporation of graphene into the hydrogel matrix resulted in gels 
with higher mechanical capabilities than their MWNT counterparts in terms of swelling and de-
swelling.  
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Figure 9. Graphene (a) and MWNT (b) hydrogel hybrids de-swelling upon the application of a DC 
electric field (10 V). 
 
 
The electrical properties of the gels were also enhanced by the incorporation of graphene 
sheets, with bulk resistivity decreasing from 350 kΩ to 200 kΩ from blank to 0.2 mg/ml 
graphene concentration (Figure 10). Graphene hybrids gels had a significantly lower bulk 
resistivity than their MWNT counterparts, suggesting that a lower voltage could be used with 
the graphene gels to obtain efficient drug release. 
 
 
Figure 10. Bulk resistivity of the MWNTs and graphene hydrogel hybrids at different concentrations. 
 
 
Another major drawbacks of electro-responsive drug delivery systems is their potential 
temperature increase upon exposure to the electric field, which is known as resistive heating. 
Previous studies using MWNT hydrogel hybrids have reported a temperature increase in the 
overall gel volume of up to 15 °C for 1cm3 of MWNT hybrid gels (0.2 mg/ml MWNT content) 
upon exposure to a DC electric field of 10 V for about 2 mins.40 Temperatures of over 41-42 °C 
during electrical stimulation can be very harmful and induce tissue necrosis. It has recently been 
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demonstrated that graphene, an excellent heat conductor, can allow fabrication of heat ‘sink’ 
and can boost the lifetime of devices by a factor of 10.41  
 
In our work, graphene hybrid gels prepared with different concentrations (0.05, 0.1, and 0.2 
mg/ml) of graphene, were exposed to a low DC electrical field and the temperature of the gels 
was monitored over time (Figure 11a). The maximum temperature obtained for the graphene 
gels after 5 minutes of exposure to the electrical stimulation was then compared to that of the 
MWNT hybrid gels (Figure 11b). The temperature increase in the graphene gels was 10-fold 
lower than that of the MWNT hybrid gels. While the MWNT hybrid gels displayed a 
temperature rise between 15-20 °C, their graphene counterparts demonstrated a temperature 
increase of up to 2 °C. The incorporation of graphene sheets into the methacrylic acid based 
hydrogel significantly decreased the resistive heat generated from the hydrogel matrix by acting 
as a ‘heat sink’, as a result of its high thermal conductivity. 
 
Figure 11. (a) Heating properties of graphene hydrogels prepared at different concentrations and blank 
gel exposed to an electric voltage of 10 V. (b) Final temperature of graphene and MWNTs hybrid and 
blank gels after 5 min of exposure to the electrical field (10 V). 
 
 
3.2.3. Pulsatile drug release upon electrical stimulation 
 
Electrically induced drug release experiments were performed on hydrogels at different 
concentration of graphene and on the blank gel as a control. The results were compared to the 
data obtained for MWNTs hybrids gels. 
 
Radio-labelled sucrose (14C-sucrose) was selected as a model hydrophilic drug. The gels 
were loaded by immersing the dry gels in 14C-sucrose solutions in a HEPES buffer at pH 7.3 for 
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three days, until the gels were completely swollen. A DC electrical field of 10 V was applied for 
short time intervals (5 min) and then turned off for one hour.  
 
Figure 12 shows the pulsatile 14C-sucrose release profile of the different hydrogels upon the 
ON/OFF application of the electrical field. All of the gels demonstrated step-up release profiles, 
significant increases in drug release as the electrical field was applied and significant decreases 
in drug release upon the removal of the field. The graphene hydrogel significantly outperformed 
the MWNT hydrogel and blank gels, with a 2 and 3-fold 14C sucrose release enhancement after 
the first electrical stimulation.  
 
The graphene gels also demonstrated higher in vitro release for the second and third 
electrical stimulations, leading to a total of 80% of initial 14C-sucrose dose released. The 
MWNT hydrogel and blank gels attained only 40% and 30% of the initial 14C-sucrose dose 
released in total. Similarly the blank counterpart, the MWNTs hydrogel hybrid appeared to 
realease most of its cargo after the first electrical stimulation. Previous studies have also 
described a decrease in the magnitude of MWNT hybrid response owing to the alignment of 




Figure 12. In vitro pulsatile drug release upon the ON/OFF application of an electrical voltage. The 




The potential damage to the gel matrix was also investigated here by applying a DC 
electrical field of 10V to the graphene hybrid gel, prepared using a high concentration (0.2 
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mg/ml) of graphene and MWNT hybrid gels prepared with the same concentration of MWNTs, 
for a period of 10 mins. Figure 13 shows the gels before and after electrical stimulation. 
 
The MWNT hybrid gel had undergone significant structural damage and had ruptured in two 
pieces after stimulation, while the graphene hydrogel had shrunk extensively and much more 
homogeneously, remaining in a single gel block. The burst release obtained after the initial 
stimulation was not therefore the result of the structural destruction of the graphene gel matrix, 
but was rather caused by a higher electro-responsiveness of the gel to the electrical field. 
 
 
Figure 13: (a) Image of an MWNT hydrogel hybrid (0.2 mg/ml) before and after stimulation. (b) Image 
of a graphene hydrogel hybrid (0.2 mg/ml) before and after stimulation. 
 
 
In order to further optimise and achieve a more reproducible release when using ON/OFF 
stimulation cycles, 14C-sucrose release from graphene hybrid gels, prepared at different 
graphene concentrations (0.05, 0.1 and 0.2 mg/ml), was studied (Figure 14). The gel with the 
lowest graphene concentration (0.05 mg/ml) had more reproducible cycles, although the total 
amount of 14C-sucrose released was reduced to 65% of the initial dose in comparison to that of 
the hybrid gels with higher graphene contents (70% and 80% of initial dose at 0.1 mg/ml and 
0.2 mg/ml, respectively).  
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Figure 14. Drug release from graphene hydrogel hybrids upon the ON/OFF application of a DC electrical 
field as a function of graphene content in the hybrid gels. 
 
 
The ability of the graphene hydrogel hybrids to release drug molecules of different 
hydrophobic characters was then evaluated. Radiolabelled 14C-Doxorubicin (14C-DOX) was 
used as a model amphiphilic drug and loaded into the gel matrix by means of swelling. The high 
graphene content (0.2 mg/ml) graphene hybrid gel was immersed in a concentrated solution of 
14C-DOX in a HEPES buffer (pH 7.3, 25 mM) until it had completely swelled. A pulsatile 
release profile was observed for DOX release after three cycles of ON/OFF electrical 
stimulation, suggesting that this hydrogel system could also be applied to amphiphilic drugs that 
are not limited to hydrophilic molecules (Figure 15). However, the total amount of 14C-DOX 
released reached only 30% of initial dose. This can be explained by potential interactions 
between DOX and the polymer matrix or the graphene sheets (e.g. π-π stacking) that prevent 
DOX molecules from being released, as the matrix responded by de-swelling. However, more 
work needs to be performed in order to better detect such interactions with different molecules. 
 
 
Figure 15. Release profile of a model of amphiphilic drug upon the ON/OFF application of a DC 
electrical field (10 V, 5 min) from a selected graphene hydrogel hybrid (0.2 mg/ml). 
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The ability of graphene hydrogel hybrids at 0.2 mg/ml to release small drug molecules in 
vivo was then studied by following a previously published procedure.32 The gel was designed at 
a high graphene concentration (0.2 mg/ml) to ensure optimal 14C-sucrose detection. Electrical 
stimulation was initiated after an equilibration period, during which time the gel was allowed to 
adapt to the biological environment for 2 hrs after implantation. The gel was loaded with 14C-
sucrose by swelling, and was subcutaneously implanted in the upper dorsal region of CD-1 mice 
and electrically stimulated for 1 min at 10V at two hour intervals. The drug (14C-sucrose) was 
monitored by detecting the radiation in the animals systemic circulation using tail vein bleeding. 
The performance of the graphene hybrid gel was compared to that of MWNT hybrid gel at an 
MWNT content of 0.2 mg/ml, and to that of a blank gel. A pulsatile release profile was obtained 
for all of the gels, and a significant increase in the released sucrose concentration was observed 
upon the application of the electrical field for 1 min, reaching a peak at 8 to 10 min after 
stimulation, followed by a progressive decrease upon the removal of the electrical field to reach 
the baseline level at around 1 hour after stimulation (Figure 16). The baseline was determined 
by monitoring 14C-sucrose release in the blood compartment from an implanted gel without any 
electrical stimulation.  
 
The graphene hybrid gels significantly outperformed those containing MWNTs. 14C-sucrose 
release in blood after each stimulation reached 5.5% of the initial dose of 14Csucrose in blood 8 
min after the first electrical stimulation, while only 3.5% and 2% were achieved with the 
MWNT hybrid and blank gel, respectively. Moreover, the performance of 14C-sucrose release 
between ON/OFF cycles of electrical stimulation was more consistent with the graphene hybrid 
gels (5.5% of the initial dose after the first stimulation and 5% after the second stimulation). 
The quantity of 14C sucrose released in blood from the MWNT hybrid and blank gels was 
significantly reduced after the second stimulation (2% and 1.5% of initial dose, respectively).  
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Figure 16. In vivo pulsatile drug release upon the ON/OFF application of an electrical voltage. Release 
profile of 14C-sucrose from the graphene and MWNT hybrid gels at 0.2 mg/ml and blank gel in the blood 
plasma of CD1 mice upon electric stimulation. 
 
 
The damage to the skin and tissue as a result of the potential resistive heating after the 
subcutaneous implantation of the gels was studied by means of histology using hematoxylin and 
eiosin (H&E) staining. The graphene and MWNT hybrid gels, both of which were prepared 
with concentrations of 0.2 mg/ml of graphene and MWNTs, respectively, were implanted 
subcutaneously and stimulated with a DC electrical field of 10 V for 5 mins. The skin around 
the implantation site was removed and analyzed by means of histology and compared to the skin 
of an untreated mouse. The skin tissue into which the MWNT hybrid gel was implanted (Figure 
17c) showed signs of acute inflammation and tissue necrosis, particularly in those areas that 
were in contact with the gel. In the case of the graphene hydrogel hybrids (Figure 17b), there 
was significantly less damage to the skin or tissue below the area in which the gel was 
implanted, thus indicating low or no resistive heating from the gel.  
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Figure 17. Histological analysis of mouse (CD-1) skin samples. Temperature effect of graphene hybrid 
gels at 0.2 mg/ml (b) and MWNT hybrid gels at 0.2 mg/ml (c) were stimulated for up to 5 min with a DC 





The biocompatibility of the hydrogels was assessed by performing cytotoxicity studies. 
Human neural cells (SHSY5Y) were deposited on gel films (graphene hybrid gels with different 
graphene contents and blank gel) and the cell viability was determined after 96 hrs of exposure 
to the gels (Figure 18a). There were no signs of toxicity, as cell growth was unperturbed by the 
presence of the gels. 
 
Graphene hybrid gels, prepared with a concentration of 0.2 mg/ml of graphene, were 
implanted subcutaneously, stimulated for 1 min with a DC electrical field of 10V and monitored 
for periods of 48 hrs and 7 days in order to evaluate potential inflammation or tissue damage as 
a result of gel implantation and electrical stimulation. The skin around the implantation site was 
removed and analysed by means of histology (Figure 18b). No signs of inflammation or 
necrosis were observed in either case (48 h or 7 days), indicating that the hybrid gels were well-
tolerated. One means to study the severity of adverse responses is by counting the amount of 
leukocytes and fibroblasts present within the tissue that is in contact with the implant.42 In H&E 
stained sections, the nuclei of leukocytes and fibroblasts are dark purple. In order to clearly 
appreciate the skin response to the implanted gels, skin sections from untreated mice were used 
as a comparison (Figure 18b (i)). The skin section of the implanted mouse showed a clear 
increase in the number of leukocytes or fibroblasts (dark staining cells) 48 hours after 
implantation and electrical stimulation (Figure 18b (ii)). This response, however, appeared to be 
transient, as the number of stained cells decreased on the skin section of the implanted mouse 7 
days post-surgery (Figure 18b (iii)), suggesting that the recruited cells were part of a healing 
process of the inflamed tissue as observed in previous studies.43  
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Figure 18. (a) Human neural cancer cell (SHSY5Y) viability. (b) Histological sections at sites proximal 
to electrodes are shown for: (i) naive skin; (ii) 1 min stimulation and 48 h exposure; (iii) 1 min 
stimulation and 7 days exposure. 
 
 
3.3. Synthesis of graphene hydrogel hybrids using ball-milling 
homogenation and subsequent in situ radical polymerisation 
 
In recent years, several studies have proposed ball-milling methodology as an efficient and 
scalable process with which to obtain polymer composites. Some authors have used this strategy 
to introduce carbon nanotubes into polymer matrix, in order to improve their properties.44 
Moreover, Chen et al.45 have demonstrated that the use of ball-milling techniques to prepare 
polymer/microwave-reduced graphene oxide nanocomposites enhance the thermal stability and 
viscoelastic properties of these materials. 
 
The following research is oriented towards studying the use of ball-milling treatment rather 
than sonication to improve the properties of the graphene hydrogels hybrids described 
previously. Polymerisation was then carried out under classical conditions. 
 
The monomer MAA (1), cross-linker BIS (2), initiator PSS (3) and aqueous dispersion of 
graphene at different concentrations (0.05, 0.1 and 0.2 mg/ml) were placed in a stainless steel 
grinding bowl with ten stainless steel balls (1 cm diameter). The mixtures were ball-milled at 
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100 rpm for 1 hour. The polymerisation was then carried out at 70 °C for 20 hours (Scheme 5). 
The blank gel was prepared under the same conditions without the presence of graphene. After 
polymerisation, the gels were immersed in distilled water for a week in order to remove any 
unreacted monomers and initiators. 
 
 
Scheme 5. Scheme of graphene hydrogels hybrids prepared using ball-milling and subsequent in situ 
radical polymerisation of aqueous dispersion of graphene at different concentrations (0 to 0.2 mg/ml) in 
presence of monomer and cross-linker. 
 
 
At the macroscopic level (Figure 19), the gels prepared using sonication had a non-
transparent appearance as opposed to the hydrogels prepared using ball-milling, which had a 
homogenous morphology and a transparent appearance. These results suggest that the ball-
milling treatment contributed to the excellent dispersion of monomers and cross-linkers in the 
blank polymer and, in the case of graphene hybrid hydrogels, the graphene sheets were well 
dispersed in the polymeric matrix previous to radical polymerisation. 
 
 
Figure 19. Images of blank (a) and graphene at 0.05 mg/ml (b) hydrogels prepared using sonication and 
subsequent in situ radical polymerisation and blank (c) and graphene at 0.05 mg/ml (d) hydrogels 
prepared using ball-milling and subsequent in situ radical polymerisation. 
 
 
Surface characterisation on the swollen graphene hybrid gels was performed using SEM, 
which confirmed a porous structure (Figure 20). The photos indicate that gels prepared using the 
ball-milling method have thin walls and a flake shape, and that the mesh density increases. We 
can thus conclude that graphene sheets were homogeneously dispersed in the polymeric matrix 
under mechanochemical treatment in comparison to preparation under classical conditions. 
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Similar results have recently been observed for the preparation of different hydrogels when 




Figure 20. Images SEM of hydrogels prepared using sonication and subsequent in situ radical 
polymerisation (a-c) and hydrogels prepared using ball-milling and subsequent in situ radical 
polymerisation (d-f) at increasing concentrations of graphene (0 mg/ml a, d; 0.1 mg/ml b, e,  
0.2 mg/ml c, f). 
 
 
The distribution of the pore size was measured for all the hydrogels in the various SEM 
images using ImageJ software (Figure 21).  
 
The pore size of hydrogel hybrids prepared using ball-milling method decreased with the 
increase of graphene concentration. What is more, we obtained higher pore values for the 
hydrogels prepared with ball-milling in comparison to those prepared using the sonication 
method. These values suggest an enhancement of mechanical and electrical properties owing to 
the fact that the pore size of hydrogels determines the kinetics of swelling and de-swelling that 
is crucial for responsiveness to the electrical field. 
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Figure 21. The average of pore size of hybrid gels as a function of the synthesis process and 
concentration of graphene. 
 
 
3.4. Characterisation of graphene hydrogel hybrids prepared using 
ball-milling homogenation and subsequent in situ radical polymerisation 
 
3.4.1. Mechanical properties 
  
The swelling properties of the hybrid gels were monitored over time (Figure 22a-b) by 
immersing the dry gels in a HEPES buffer at pH 7.4 for 3 days at room temperature, after which 
time the weight of the gels was found to be constant. The final swelling degree (Ds,F), i.e., the 
point at which the weight of the gels was found to be constant, was also determined (Figure 
22c). 
 
Hydrogels obtained using the ball-milling method had a higher final swelling degree than 
those prepared using sonication at the same concentrations of graphene. The ball-milling gels 
therefore showed higher mechanical capabilities in terms of flexibility. These results are in 
agreement with pore size measures, since the swelling rate of the hydrogel matrix is known to 
increase as a function of pore size 
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Figure 22. Swelling degree of hydrogels prepared using sonication (a) and ball-milling (b) methods. DS,F 
of graphene hybrid gels at different concentrations and synthesis method (c). 
 
 
3.4.2. Electrical properties 
 
After the swelling studies, we determined the water loss from the gel matrix via the 
application of the direct current electrical field (10 V) for 10 mins, at 2 minutes each. The final 
de-swelling of the hybrid gels obtained using sonication and the ball-milling method at the same 
graphene concentrations was compared, as shown in Figure 23. In general, the graphene 
hydrogels prepared using the ball-milling method showed higher responses to the electrical 
field.  
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The electrical properties of the gels were similarly enhanced with the concentration of 
graphene sheets, with bulk resistivity decreasing when using both synthesis methods. However, 
we observed lower resistivity to the graphene gels prepared using ball-milling as opposed to the 
sonication method, in addition to de-swelling studies, owing to the homogeneous distribution of 
graphene sheets in a polymer matrix obtained by employing the mechanochemical treatment 
before the polymerisation process (Figure 24).  
 
 
Figure 24. Bulk resistivity of graphene hydrogels as a function of synthesis process and concentration of 
graphene.  
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As described previously, one of the major drawbacks of electro-responsive drug delivery 
systems is their potential temperature increase upon exposure to the electrical field, which is 
known as resistive heating. The hybrid gels were exposed to a discontinuous current electrical 
field (10 V) for 5 minutes and the temperature of the gels was monitored over time. The final 
temperatures obtained in each sample during electrical stimulation are shown in Figure 25. The 
temperature increased by 10 ºC for blank gel prepared using sonication and only by 5 ºC for 
blank gel prepared using the ball-milling process. In addition, hybrid gels at different graphene 
contents (0.05, 0.1 and 0.2 mg/ml) displayed lower temperatures than those of blank gels for 
both methods. The incorporation of graphene sheets into the methacrylic acid-based hydrogel 
significantly decreased the resistive heat generated from the hydrogel matrix as a result of its 
high thermal conductivity. In the case of the ball-milled hydrogel hybrids, there was less 
resistive heating in comparison to that of the hybrid gels prepared using sonication owing to the 
homogenous distribution obtained with the mechanochemical treatment in the hydrogel matrix. 
 
 
Figure 25. Final temperature of hydrogels after 5 mins of exposure to the electrical field (10 V) as a 
function of synthesis process and concentration of graphene. 
 
 
These results suggest that the use of ball-milling as treatment before radical polymerisation 
significantly improves the mechanical, electrical and thermal properties of the graphene 
hydrogel hybrids. The future research will be oriented towards studying the electrically induced 
release of drugs, in order to better compare the ball-milling method with the sonication method. 
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Scanning Electron Microscopy (SEM) of the swollen hydrogel hybrid structure was 
performed using an FEI Quanta 200 FEG ESEM. The dried gels were immersed in a HEPES 
buffer at pH 7.4 at room temperature for three days and then freeze-dried using a freeze-drier. 
The hydrogels were then placed under vacuum and coated with a 10 nm layer of gold, and the 
surface structure of each gel was analysed by SEM.  
 
 
4.2. Synthesis of graphene hydrogel hybrids using sonication and 
subsequent in situ radical polymerisation. 
 
The graphene dispersions were prepared using ball-milling treatment according to the 
procedure described in Chapter 2. The monomer MAA (2.54 ml, 30 mmol), cross-linker BIS 
(43.6 mg, 0.3 mmol) and initiator PSS (8.5 mg, 0.3 mmol) were added to an aqueous dispersion 
of graphene at different concentrations (0 mg/ml, 0.05 mg/ml, 0.1 mg/ml, 0.2 mg/ml). The 
mixtures were sonicated until complete dissolution and uniformity had been attained. The 
polymerisation was carried out at 70 °C for 20 hours. The resulting gels were immersed in water 
for at least one week, and the water was changed every day in order to remove any unreacted 
monomer and initiator molecules. The gels were then cut into 1 cm3 cubes and allowed to dry at 
room temperature for three days until they had reached a constant weight. 
 
 
4.3. Synthesis of graphene oxide hydrogel hybrids using sonication 
and subsequent in situ radical polymerisation 
 
The graphene oxide dispersions were prepared with the use of Hummers method.39 The 
monomer MAA (2.54 ml, 30 mmol), cross-linker BIS (43.6 mg, 0.3 mmol) and initiator PSS 
(8.5 mg, 0.3 mmol) were added to an aqueous dispersion of graphene oxide at different 
concentrations (0 mg/ml, 0.05 mg/ml, 0.1 mg/ml, 0.2 mg/ml). The mixtures were sonicated until 
complete dissolution and uniformity had been attained. The polymerisation was carried out at 
70 °C for 20 hours. The resulting gels were immersed in water for at least one week, and the 
water was changed every day in order to remove any unreacted monomer and initiator 
molecules. The gels were then cut into 1 cm3 cubes and allowed to dry at room temperature for 
three days until they reached a constant weight. 
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4.4. Synthesis of graphene hydrogel hybrids using ball-milling and 
subsequent in situ radical polymerisation 
 
The graphene dispersions were prepared using the ball-milling treatment according to 
procedure described in Chapter 2. The monomer MAA (2.54 ml, 30 mmol), cross-linker BIS 
(43.6 mg, 0.3 mmol) and initiator PSS (8.5 mg, 0.3 mmol) were added to an aqueous dispersion 
of graphene at different concentrations (0 mg/ml, 0.05 mg/ml, 0.1 mg/ml, 0.2 mg/ml), and  were 
then placed in a stainless steel grinding bowl with ten stainless steel balls (1 cm diameter). The 
mixtures were ball-milled at 100 rpm for 1 hour. The polymerisation was then carried out at    
70 °C for 20 hours. The resulting gels were immersed in water for at least one week, and the 
water was changed every day in order to remove any unreacted monomer and initiator 
molecules. The gels were then cut into 1 cm3 cubes and allowed to dry at room temperature for 
three days until they reached a constant weight. 
 
 
4.5. Characterisation of hydrogel hybrids 
 
4.5.1. Swelling studies 
 
Swelling studies were carried out for the hydrogel hybrids with increasing graphene 
concentration (0 mg/ml, 0.05 mg/ml, 0.1 mg/ml, 0.2 mg/ml, 0.5 mg/ml) by immersing the dry 
gels in 10 ml of HEPES buffer at pH 7.4 at room temperature. The weights of the swollen gels 
were recorded at regular intervals until they reached a constant weight. Excess water on the 
surface of the gels was removed with a filter paper. The final swelling degree Ds,F was then 






     [1] 
Where Wt is the weight of the gels at time t and W0 is the weight of the dry gels at time 0. Ds,F 
was also defined as the final swelling degree after three days when the weight of the gels was 
found to be constant. 
 
4.5.2. De-swelling studies under an electrical field 
 
The hybrid gels response to a DC electrical field was monitored by weight change upon 
exposure to a DC electrical voltage of 10V using a power supply (FARNELL Instruments LTD, 
Wetherby, Yorks, England). Fully swollen hydrogel hybrids of a volume of 1 cm × 1 cm × 1 cm 
were placed in contact with two carbon electrodes connected to a power supply. Water release 
from the gel matrix corresponding to the percentage of weight change in the gels was monitored 
over time for all the hybrid gels prepared at different graphene concentrations (0.0 mg/ml,    
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0.05 mg/ml, 0.1 mg/ml, and 0.2 mg/ml). The de-swelling of the gel matrix upon exposure to the 






     [2] 
Where W% is the percentage of weight, Wt is the weight of the gel after exposure to the electric 
voltage at time t and W0 is the weight of the fully swollen gel at time 0. 
 
4.5.3. Resistance measurements 
 
The sheet resistance R (Ω/□) was measured a minimum of five times at different locations on 
the surface of the gels using a Multimeter (Beckman IndustrialTM T100B RS component LTD). 
The electrical resistance was calculated using the following equation: 
lRs ×=ρ      [3] 
where ρ is the bulk resistivity of the gels (Ω.cm) and l is the thickness of the sample. 
 
4.5.4. In vitro release of model drugs 
 
14C-sucrose and 14C-Doxorubicin (14C-DOX) were selected as a hydrophilic and amphiphilic 
drug model, respectively, and were loaded into the gel matrix by immersing the dry gels in 6 ml 
of 6 µCi 14C-sucrose or 14C-DOX solutions in HEPES buffer at pH 7.3 for three days, until the 
gels were completely swollen. The loading efficiency of the gel matrix was determined by 
difference in weight as regards the dry gel and the fully swollen gel after loading the drug. The 
release of 14C-sucrose and 14C-DOX from the hybrid gels at increasing concentration of 
graphene and MWNT concentration was performed according to the published procedure by 
means of liquid scintillation using a LS 6500 liquid scintillator (PerkinElmer, Seer Green, HP9 
2FX). The quantity of 14C-sucrose/14C-DOX in the release medium was normalised with the 
amount 14C-sucrose initially loaded in the gel matrix and expressed as a percentage of the 
loaded 14C-sucrose. 
 
4.5.5. In vivo release of 14C-sucrose 
 
CD-1 female mice of 7-9 weeks (22.9 g-32.9 g) were purchased from Haran Laboratories 
(UK) and maintained on a 12:12-hour light/dark schedule at 22-25 °C with 45-65% humidity 
and fed ad libitum on a standard rodent diet and drinking water. All animal care and use 
conformed to the provisions of the UK Animals (Scientific procedures) Act 1986. The mice 
were anaesthetised by means of isoflurane inhalation and injected with Rimadyl (5 mg/ml; 
subcutaneous). An incision (of approximately 1 cm in length) was made dorsally, and either a 
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blank or hybrid gel (1cm3) was implanted beneath the skin before the wound was closed with   
4-0 vicryl sutures. The animals were returned to their cage upon recovery.  
 
In vivo baseline 14C-sucrose release was determined by collecting (under anaesthesia) 70µl 
blood samples from the lateral tail vein at a range of time points after gel implantation. The 
baseline 14C-sucrose release profile from gels (n=18) was compared to that obtained following 
intravenous injection (1.5 µCi in PBS; total injection volume of 50 µl, n=2) and subcutaneous 
injection (1.5 µCi in PBS; total injection volume of 50 µl, n=4). A maximum of three blood 
samples was collected per mouse. 
 
4.5.6. In vivo release of 14C-sucrose from gels upon electrical 
stimulation 
  
The animals were divided into three groups: blank gel (n=12); 0.2 mg/ml MWNT hybrid gel 
(n=12) and 0.2 mg/ml graphene hybrid gel (n=12). Following a two hour equilibration period, 
two stainless steel electrodes were placed in the gel under anaesthesia, and the gel was 
stimulated at 10V for 1 minute. Blood samples (70 µl) were collected from the lateral tail vein 
at various time points post-stimulation. A second stimulation (10 V; 1 minute) was performed 
two hours after the first stimulation and blood samples were collected at a range of time points 
(a maximum of three blood samples per mouse). Three successive stimulations could not be 
performed on the same day, as two hours are required between each electrical stimulation to 
reach the 14C-sucrose baseline level. 
 
4.5.7. Temperature studies and tissue damage 
 
The temperature of the gel matrix was monitored over time during exposure to the DC 
electric field (10V) until equilibrium was reached using a thermocouple. The change in 
temperature (∆T) was plotted as a function of the graphene/MWNT concentration for all the 
hybrid gels and blank gel. In order to evaluate the tissue damage caused by the temperature rise 
upon electrical stimulation, blank or graphene/MWNT hybrid gels prepared with concentrations 
of 0.2 mg/ml were implanted subcutaneously (as described above) and the gels were stimulated 
for 1, 2 or 5 min. The direct effect of electrical stimulation on the skin over time was assessed 
by means of histology on dissected skin. All skin samples were dissected and fixed in formalin 
(10% neutral buffered) and processed for standard hematoxylin and eosin (H&E) by the 
Laboratory Diagnostic Service of the Royal Veterinary College (London, UK). Stained 4 µm 
sections were examined using a light microscope (Nikon Microscopy-FXA microscope/ Infinity 
2 digital camera).   
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4.5.8. Biocompatibility studies 
 
The biocompatibility of the gels and the long term effect of stimulation were evaluated by 
subcutaneously implanting blank or a selected graphene hybrid gels (as described above). The 
animals were monitored for 48 hours and 7 days and the area of skin in contact with the gel was 
dissected. The direct effect of electrical stimulation on the skin was also assessed following two 
electrical stimulations at two hour intervals, and the skin samples were dissected. All the skin 
samples were dissected and fixed in formalin (10% neutral buffered) and processed as explained 
above.  
  




The use of graphene as a conductive additive significantly improved the mechanical 
properties of the gels in comparison to MWNT hydrogel hybrids in terms of swelling and de-
swelling, allowing large deformation and volumetric changes and water release out of the gel 
matrix under an applied electrical field. What is more, the graphene obtained using the ball-
milling treatment contained significantly fewer defects than GO, thus preserving the electrical, 
mechanical and thermal properties of the graphene material. This allows graphene gels to be 
more responsive than their GO counterparts at lower graphene concentrations, which would 
minimize potential toxicity of tissue exposure to graphene, permit the use of lower electrical 
voltages and signify a lower temperature increase upon the application of the electric field.  
 
This study has demonstrated the in vitro and in vivo performance of a new electro-active 
scaffold for the on-demand drug delivery of small molecules with various hydrophobicity 
characteristics. Previous studies on MWNT hydrogels have noted a lack of reproducibility in 
drug release between the ON/OFF electrical stimulation and a rise in temperature during the 
application of the electric field owing to the resistive heating of the material, which was 
potentially harmful to the tissue. However, the incorporation of graphene into the electro-
sensitive hydrogel matrix at relatively low concentrations not only improved the in vivo 
delivery of a therapeutically-relevant drug dose at short stimulation times and a low voltage, but 
also decreased the resistive heating from the hydrogel matrix. This system was also found to be 
biocompatible, with minimal tissue damage. Such delivery systems can therefore be envisioned 
for more thorough pre-clinical and clinical studies as a serious candidate for the personalised 
management of chronic illnesses that require multiple dosage regimes. 
 
Finally, we obtained graphene hydrogel hybrids by means of a ball-milling treatment and the 
subsequent use of in situ radical polymerisation. These materials proved to have excellent 
properties in comparison to the hydrogels obtained by means of sonication and the subsequent 
use of in situ radical polymerisation. They will be thoroughly studied for use as electro-active 
scaffolds that are capable of the remote-controlled release of small molecules. Preliminary 
studies have demonstrated a homogeneous dispersion and distribution of graphene in the 
polymeric matrix, which is very important as regards improving the mechanical properties of 
these materials. In a further work it will be necessary to investigate the tension and compression 
features of the hydrogels with the objective of studying the role of the ball-milling treatment in 
the polymer structure by modifying the mechanochemical conditions. This method opens up 
new horizons as regards using the ball-milling treatment to produce new graphene hydrogels 
with interesting mechanical properties.   
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